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ABST RAC T 
A detailed study has been made of titanium carbide (TiC) coatings 
chemically vapour deposited on powder metallurgy (PM) BT42 grade high 
speed steel (HSS) indexable cutting tool inserts, in collaboration 
with Edgar Allen Tools, Sheffield. 
Initially, the characteristics of a TiC coating deposited under 
the standard conditions employed by Edgar Allen Tools were determined, 
both before and after the obligatory HSS substrate heat treatment. 
This was done using various techniques including x-ray diffraction, 
scanning electron microscopy, micro-hardness testing, profilometry, 
optical microscopy and scratch-adhesion testing. Although the character- 
istics of the TiC coating were found not to be significantly affected by 
the HSS substrate heat treatment, some of them were different to those 
presented in the literature for TiC coatings chemically vapour deposited 
on cemented carbide substrates. 
A comprehensive survey of the literature revealed that the process 
parameters employed during the chemical vapour deposition (CVD) of TiC 
coatings, particularly the CHy/TiCly mole ratio and deposition tempera- 
ture, have a significant effect on coating characteristics. Consequently, 
it was decided to investigate the effect of these parameters on the 
characteristics of the TIC coatings chemically vapour deposited on the 
PM HSS inserts and, further, their effect on the tool lives exhibited by 
the coated inserts. The latter were determined from a series of turning 
tests on 817M40 workpiece material, carried out under conditions of built- 
up-edge (bue) formation, at cutting speeds in the range 37.5 - 60 m min 
1. 
Both process parameters were found to have a marked effect on the character- 
istics of the TiC coatings and on the tool lives exhibited by the coated 
inserts. The reasons for this are discussbd. 
The TiC coated inserts which displayed the most favourable combination 
of coating characteristics and tool life were used in two further series 
of turning tests carried out to investigate tool wear, bue size, tool 
forces, apparent coefficient of friction and workpiece surface finish. 
Uncoated inserts were also tested. The application of the TiC 
coating was found to have led to a marked improvement in the cutting 
properties of the PM HSS inserts. Its role during cutting was 
studied from metallographic sections through worn inserts and the 
reasons for its effect on cutting properties are discussed. 
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1.0 INTRODUCTION 
The successful commercial introduction and subsequent development 
of cemented carbide indexable cutting tool inserts coated with thin 
ceramic layers by chemical vapour deposition (C. V. D. ), has recently 
been followed by the application of similar coatings to high speed steel 
(H. S. S. ) cutting tools. Despite this having attracted widespread 
interest from both tool suppliers and users for some time, the develop- 
ment has been delayed by problems associated with the high temperatures 
(-1000°C) at which C. V. D. of the coatings is carried out. These are 
well in excess of the tempering temperature (-550°C) of H. S. S. and 
consequently H. S. S. tools must be hardened and tempered after coating. 
Although this has been said to make the C. V. D. process impractical for 
coating H. S. S. tools 
(1,2,3) 
and has led to lower temperature (<500°C) 
physical vapour deposition (P. V. D. ) processes 
(4) 
being developed, C. V. D. 
has now been successfully used to coat a wide variety of such tools 
including thread chasers 
(5), 
taps and parting off tools 
(6) 
, drills 
(7) 
milling cutters 
(8) 
and powder metallurgy (P. M. ) produced indexable 
cutting tool inserts 
(9). 
The latter are of particular interest since the potential of such 
inserts has long been apparent but never before realised because of the 
economic penalties associated with their manufacture from wrought H. S. S. 
bar. Using their patented direct compaction and sintering P. M. route 
(10) 
1 
in which H. S. S. parts are sintered to shape, Edgar Allen Tools of Sheffield, 
are however, able to produce indexable H. S. S. inserts 
(11) 
which have an 
equivalent heat treatment response 
(12) 
and at least equivalent cutting 
properties 
(11) 
to wrought H. S. S. of similar composition. These inserts 
are particularly suitable for coating by C. V. D. since they do not require 
regrinding and, as a result of their more uniform structure, are much 
less susceptible to distortion during the obligatory post-coating heat 
treatment than conventional cast and wrought steels(13). The application 
of a chemically vapour deposited titanium nitride (TiN) coating to these 
inserts has been shown to considerably improve their cutting properties 
(14, 
15) 
and coated P. M. H. S. S. indexable cutting tool inserts are now being 
successfully marketed by Edgar Allen Tools.. 
2' 
Recognising the important part played by research in the earlier 
development of coated cemented carbide inserts, in 1981 Edgar Allen 
Tools began a programme of collaborative research with Loughborough 
University of Technology with an aim to studying these new tool 
materials. The first phase of this programme was concerned primarily 
with a detailed investigation of the P. M. BT42 grade H. S. S. indexable 
cutting tool inserts, coated with TO by C. V. D., referred to previously. 
In the course of this work Whittle 
(15) 
developed a procedure for com- 
pletely characterising the coatings with regard to crystal structure, 
chemical composition, thickness, bulk and surface grain structures, 
surface roughness, microhardness and adhesion to the H. S. S. substrate. 
This procedure involves the use of various techniques including X-ray 
diffraction, Auger electron spectroscopy, high magnification optical 
microscopy, scanning electron microscopy, fractography, profilometry, 
microhardness testing and scratch adhesion testing. 
Whilst TiN is still the most common coating material to be applied 
to H. S. S. cutting tools 
(16), 
this is in direct contrast to the earlier 
development of coated cemented carbide cutting tool inserts, first comm- 
ercially introduced in 1969 with a titanium carbide (TiC)coating(17). 
Whilst TiC still remains the most common coating to be applied to these 
inserts it is now usually found in combination with TiN, titanium carbon- 
itiide= (Ti(C, N)) and aluminium oxide (A1203) coatings 
(18,19,20) 
* For 
this reason it was decided that the second phase of the aforementioned 
research programme would be concerned with a detailed investigation of the 
P. M. BT42 grade H. S. S. indexable cutting tool inserts, coated with TiC 
by C. V. D. using the aforementioned techniques developed by Whittle. 
As the experimental work carried out during this investigation falls 
into three distinct areas, it will be presented in three parts with each 
preceded by a review of the relevant literature. The first part of the 
experimental work, described in Chapter 3, is concerned with a detailed 
characterisation of P. M. BT42 grade H. S. S. inserts coated with TiC by 
C. V. D. (under the standard conditions employed by Edgar Allen Tools) both 
before and after the obligatory H. S. S. substrate heat treatment, utilising 
the techniques devised by whittle. This is preceded in Chapter 2 by a 
summary of the results from other investigations concerned with the char- 
acterisation of TiC coatings deposited by C. V. D. 
CHAPTER 2 
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2.0 CHARACTERISATION OF CUTTING TOOL MATERIALS COATED WITH 
TITANIUM CARBIDE BY C. V. D. - PREVIOUS WORK 
As mentioned in the Introduction this chapter is concerned with 
the characteristics of chemically vapour deposited TiC coatings 
reported in previous investigations, particularly those obtained using 
similar techniques to those used by Whittle 
(15) 
and also employed in 
the present work. An extensive survey of the literature revealed, not 
surprisingly, given the remarks made earlier, that the vast majority of 
previous work was concerned with TiC coatings chemically vapour deposited 
on cemented carbide, as opposed to steel substrates. The results of 
these investigations are nevertheless still of considerable interest for 
purposes of comparison and are therefore included together with those 
obtained for TiC coatings chemically vapour deposited on steel substrates, 
the latter being of most relevance to the present work. Also included 
are the results from a few studies carried out on bulk TiC. 
2.1 X-Ray Diffraction 
In his work on chemically vapour deposited TiN coatings, Whittle 
(15) 
used X-ray diffraction to determine the lattice parameter and preferred 
orientation of the coatings. This technique has been similarly employed 
to determine the lattice parameter 
(, 21-27) 
and preferred orientation 
(19,21-23, 
28-36) 
of chemically vapour deposited TiC coatings and the lattice para- 
meter of this material in its bulk form 
(37-43). 
Normally a copper target 
was used, with either a nickel filter 
(. 32,39) 
or a crystal monochromator 
(21,39) 
employed to ensure that only Cu K radiation was y a1 present at the 
detector, the latter also being used by Whittle. Unfortunately, only 
four of the investigations cited 
(21023p25,30) 
refer to TiC coatings 
chemically vapour deposited on steel substrates, the remainder being con- 
cerned with cemented carbide substrates. 
The data in the literature for TiC lattice parameter values is, 
unfortunately, particularly divergent. One reason for this is that some of 
the earlier work such as that by Norton and Lewis 
(37) 
and Bittner and 
Goretzki(38) was carried out on impure and poorly defined carbides and 
4 
recent work on TiC has heavily emphasised the influence of impurities 
and inhomegeneities. 
Raghuram et al(41), Storms 
(42) 
and Ramquist(43) have all documented 
the variation of the lattice parameter of TiC with C/Ti atom ratio, the 
characteristic feature of this variation being a peak in the lattice 
parameter value at a C/Ti atom ratio of -0.85, as shown in Figure 2.1, 
with any further increase in C/Ti atom ratio producing a decrease in 
lattice parameter. Storms 
(42) 
attributed this decrease to oxygen con- 
tamination of the carbide. The sensitivity of TiC lattice parameter 
with C/Ti atom ratio is also seen to decrease as the ratio approaches 
unity. For TiCo. s and TiCi. Q, values of lattice parameter quoted in 
the literature 
(41-43) 
range from 4.2975 to 4.307Ä and 4.3265 to 4.33X, 
respectively. Other workers have recorded lattice parameter values of 
4.328Ä(39)p 4.32OÄ(40) and 4.328 ±0.001%(41), the latter two comparing 
favourably with the value of 4.32851 reported for TiC in the A. S. T. M. 
diffraction file 
(44) 
For TiC coatings chemically vapour deposited on cemented carbide 
substrates Dearnley(22) and Hoffman 
(27) 
respectively quote lattice 
parameter values of 4.3111 (with a standard deviation of 0.027X) and 
4.3271; the latter value compares favourably with that of 4.325X 
reported by Hintermann and Boving(24) for TiCi. o. Also for TiC coatings 
chemically vapour deposited on cemented carbide inserts Platanov et al 
(26) 
established values ranging from 4.319 to 4.325X and indicated that the 
lattice parameter value was sensitive to the presence of oxygen in the 
coating. In Dearnley's work, it should be noted that the lattice parameter 
was evaluated by averaging the values of ahkl (the lattice constant for a 
particular plane hkl) rather than by plotting the values against sin26 and 
extrapolating to 0= 900 to find the most accurate value, as is the usual 
method and was also the procedure employed by Whittle(15). Lattice 
parameter values obtained for TiC coatings chemically vapour deposited 
on steel substrates have been found to range from 4.31X to 4.33X(21,23,25) 
Of minterest here is the work carried out by Wike(21) major , who obtained 
lattice parameter values of 4.3272X and 4.3258k for -7pm thick TiC 
coatings on the rake and flank faces, respectively, of P. M. BT42 grade 
5 
H. S. S. indexable inserts manufactured by Edgar Allen Tools. 
Few workers have explained the method used to determine the 
preferred orientation exhibited by chemically vapour deposited TiC 
coatings. In two instances 
(23,28) 
, however, it is apparent that this 
has been accomplished by a comparison between the relative intensities 
of reflections from the chemically vapour deposited TiC coating and 
those quoted in the A. S. T. M. diffraction file, although it is by no 
means clear, in absolute terms, exactly how this was performed. 
Conversely, in another case, using the method devised by Whittle 
(15) 
in 
his work on chemically vapour deposited TiN coatings, Wike(21) has 
given a detailed description of a similar comparison using X-ray data 
from randomly oriented powder as opposed to the A. S. T. M. diffraction 
file. 
With regard to the preferred orientation of chemically vapour 
deposited TiC coatings, Chubb et al 
28) 
investigated three TiC coated 
cemented carbide inserts commercially produced by Kennametal, Cintride 
and Sandvik Ltd. These, respectively, consisted of a 7.1611m thick TiC 
coating on a P20 substrate, a 3.68pm thick coating on a P10-30 substrate 
and a, 4.48pm thick coating on a P20 substrate. In all cases it was 
found that the TiC coatings were randomly oriented. Similar results 
have been reported by Vuorinen(31), Dearnley and Trent 
(19) 
and Dearnley(22) 
also for commercially available inserts. In the latter case, however, 
slight preferred orientation of the {220}, planes was evident from the 
normalised relative intensities 
(29ý 
presented. Lee and Richman have 
also observed preferred orientation of the {220} planes in the chemically 
vapour deposited TiC coating of a commercially available cemented carbide 
insert.. 
In the case of TiC coatings chemically vapour deposited on steel 
substrates, Wike(21) examined TiC coatings on P. M. BT42 grade H. S. S. 
inserts and found strong preferred orientation of the {200} planes in the 
coatings on both the rake and flank faces. Takahashi 
(23) 
also investi- 
gated preferred orientation in TiC coatings on steel substrates and 
found large {111) and {200} reflections comparable in size with those for 
6 
TiC in the A. S. T. M. diffraction file(44). However, other peaks were 
minimal or non-existent and-hence the structure cannot be considered 
random. For the TiC coatings on several standard steel substrates, 
Roser(30) detected a strong preferred orientation of the {220} planes 
whilst the coatings on a high carbon, high chromium steel additionally 
exhibited preferred orientation of the {111} planes. 
2.2 Elemental Analysis 
In his work on chemically vapour deposited TiN coatings, Whittle 
used Auger Electron Spectroscopy (A. E. S. ) to investigate compositional 
variations through the coating and coating/substrate interface, since 
this technique enables important light elements (C, N and 0) to be analysed 
and has a high spatial resolution. Several workers have employed A. E. S. 
(21,26,28,45,46) 
for similar investigations on chemically vapour deposited 
TiC coatings though the vast majority of researchers have used other 
techniques, including wavelength dispersive X-ray analysis on an E. P. M. A. 
(23,29,47-53) 
and energy dispersive X-ray analysis (E. D. A. X. ) on either 
an S. E. M. or a S. T. E. M. 
8,45,54-5? ) 
. 
Although the present section will 
concentrate on the results obtained using A. E. S., those acquired using 
the other techniques are still of considerable importance and consequently 
will also be included. 
Analysis has normally been carried out either on the surface of TIC 
(48,50,52,53) (23,28,47-49,51,52) 
coatings or on a cross-section . In a 
few cases, however, composition-depth profiles were obtained using A. E. S. 
by sequential removal of surface layers using argon-ion bombardment 
(28,45,46) 
Ion bombardment of this type can, however, cause compositional artefacts 
to develop due to preferential sputtering of one species or by ion-induced 
(58) 
chemical decomposition . This problem can be eliminated by using low 
angle taper-sections or the more recently introduced ball cratering tech- 
nique 
(59-61) 
, the latter having been employed by Whittle 
(15) in his work. 
Results from elemental analyses of cemented carbide 
(28,29,45,46,49, 
53,54) 
and steel substrates 
(21,23,47148p53) 
coated with TiC by C. V. D. all 
indicate substantial interdiffusion of coating and substrate elements, which 
is hardly surprising given the elevated temperatures ('1000°C) at which 
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C. V. D. of the coating is carried out. In the case of a zum thick T1C 
coating chemically vapour deposited on a P. M. BT42 grade H. S. S. sub- 
strate and a 7.1611m thick TIC coating chemically vapour deposited on 
a cemented carbide substrate, Wike(21) and Chubb et al 
28) 
respectively 
used A. E. S. to obtain composition-depth profiles through the coating 
and coating/substrate interface. Whereas Wike observed relatively 
little diffusion of substrate elements into the coating, with only 
chromium having diffused any appreciable amount (-1.5pm into the coating), 
Chubb et al noticed substantial diffusion of both tungsten (W) and cobalt 
(Co). From their investigation it was evident that W had diffused - 311m 
into the coating whilst relatively high Co. concentrations (~10 at. %) 
existed in a zone approximately 2pm thick in the surface layers of the 
TIC coating. Breval and Vüorinen(57) and Payne et al 
51) 
also detected 
high cobalt concentrations in TiC coatings chemically vapour deposited 
on cemented carbide substrates and while the former workers established 
its presence in the upper layers of the TiC coating the latter showed it 
to exist in the bulk of the coating nearer the coating/substrate inter- 
face. 
Investigations into the nature of diffusion layers formed in the 
substrate adjacent to the coating/substrate interface have been conducted 
by several workers using wavelength-dispersive X-ray analysis on an 
E. P. M. A. 
(29,45,47,48,51,53,56)Whereas 
Perry and Horvathý4? 
) 
decided 
that in the case of steel substrates coated with TiC by C. V. D., these 
layers were, in general, too thin for quantitative analysis on an E. P. M. A., 
in another investigation(48) they identified both cementite and chromium 
carbide layers adjacent to the coating/substrate interface in the case of 
steel substrates and a cementite layer in the case of a nodular cast iron 
substrate. In studies of cemented carbide substrates chemically vapour 
deposited with TiC, other researchers 
(28'29,45,56,57) 
have identified the 
presence of eta phase adjacent to the coating/substrate interface and in 
two cases 
(28,29) 
concentration-depth profiles have been presented which 
show cobalt-rich regions coinciding with the decarburized layer of eta 
phase. A more comprehensive study by Rupert 
(53), 
on cemented carbide 
and steel substrates coated with TiC by C. V. D., revealed not only car- 
burised and decarburised layers in the substrate adjacent to the coating/ 
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substrate interface and layers in the coating adjacent to the coating/ 
substrate interface but also layers between the coating and the substrate. 
Whilst the layers in the coating were found to principally contain C, N, 
and 0 as 'impurities', depending on the coating/substrate combination 
the layers between the coating and substrate had compositions differing 
considerably from that of the coating and substrate; these layers being 
principally oxidic, metallic or quasi-metallic in nature. 
With regard to coating stoichiometry, Chubb et a1(28) used A. E. S. 
to analyse a 7.16pm thick TIC coating chemically vapour deposited on a 
cemented carbide substrate and found that at a depth of Zum from the 
surface the C/Ti atom ratio of the coating was -0.76, but that this rose 
to very nearly 1.0 at a depth of 3pm, remaining close to this value to 
a depth of 5pm. In the case of a 7pm thick TiC coating chemically 
vapour deposited on a P. M. BT42 grade H. S. S. substrate, Wike 
(21), 
also 
using A. E. S., found that at a depth of Zum from the surface the C/Ti 
atom ratio of the coating was -0.82, and that this remained fairly constant 
to a depth of about bum into the coating, but then increased slightly to 
0.88 at a depth of 711m. due to a slight fall in the Ti content. Although 
Platonov et al 
(26) 
also used A. E. S. to establish C/Ti atom ratios ranging. 
from 0.90 to 0.95 for TiC coatings chemically vapour deposited on cemented 
carbide substrates it was by no means clear to what depth in the coating 
the analysis referred. In addition they investigated the level of oxygen 
impurity in the coatings and found that once the hydrogen gas used in the 
coating process was dried and cleaned with a palladium filter, prior to 
entering the C. V. D. reaction chamber, the level of oxygen impurity fell 
from between 0.9-1.3% to 0.5-0.7%. It is interesting to note, given 
the findings of Platonov et al 
26), that the composition-depth profiles 
obtained by Chubb et al 
28) 
and Wike(21) exhibit a relatively high degree 
of oxygen contamination at the surface of the coating. 
2.3 Optical Microscopy 
In common with Whittle 
(15), in his work on chemically vapour deposited 
TO coatings, many previous investigators of cutting tool materials coated 
with TiC by C. V. D. have employed optical microscopy on polished and etched 
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cross-sections, principally, to investigate coating microstructure 
(19P22025l 
28,29,57,62,63) 
the presence or absence of diffusion layers in the 
substrate, adjacent to the coating/substrate interface 
(21-23,29,31,48, 
64-71) 
and to a lesser extent, to determine coating thicknessý20-22,71,72) 
Conventional polishing techniques have been found to result in serious 
edge rounding of the coating 
(73) 
with the result that its features are 
poorly delineated when examined optically. As a result many workers 
(15,23, 
28,53,72,73) 
have developed alternative techniques in an attempt to over- 
come this difficulty. Takahashi et al 
23) 
and Lee and Richman 
(72) 
plated TiC coated cemented carbides with copper in order to prevent edge 
break up of the coating during polishing, whilst Rupert 
(53) 
suggested 
that for best results, sectioned samples should be placed between hardened 
H. S. S. prior to mounting and polishing with diamond paste. In contrast, 
Elgomayel et'al(73) mounted samples in a thermal setting mounting medium 
mixed with tungsten carbide powder, strengthening the mount with a steel 
ring and polishing conventionally or with a vibratory polisher. Another 
method devised by Chubb et al 
28) 
involved centrally notching samples 
by spark machining, splitting them into two, glueing the two untouched 
edges together, mounting and then polishing on cast iron laps impregnated 
with diamond paste. A similar method employed by Whittle 
(15) 
entailed 
sectioning samples using a diamond impregnated slitting wheel prior to 
mounting in Buehler Epomet, a proprietory mounting medium containing hard 
particles designed to give good edge definition and flatness. Subsequent 
polishing was carried out on four cast iron laps impregnated with 15,9, 
6 and 311m diamond paste followed by vibratory polishing on napless nylon 
cloths impregnated with 3 and ihm diamond paste prior to abrief finish 
polish on a selvyt cloth impregnated with 0.0511m y-alumina. 
With regard to coating microstructure there are many instances in the 
literature, where the etchants used to reveal the microstructure of 
chemically vapour deposited TIC coatings have not been disclosed. From 
the remaining literature, however, the most common etchant for single 
layer TIC coatings and multilayer coatings incorporating TiC appears to 
be Murakamis reagent (K3F3(CN)6)(19,22,28,45,53,64-67,69) and 10% alkaline 
Murakamis reagent (KOH + K3F3(CN)6)(19). In addition, Chubb et al 
28) 
and Lee and Richman 
(29) 
report that a hot 50/50 mixture of sodium 
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hydroxide (NaOH) and Murakamis reagent is ideal for cemented carbide 
substrates, followed by a 70/30 mixture of nitric acid (HN03) and 
hydrofluoric acid (HF) to etch the coating. Etchants used for TiC 
coatings chemically vapour deposited on steel substrates include 2% 
(53). 
nita1(21)9 2% nitric acid and Murakamis reagent 
Several workers have used polished and etched cross-sections to 
identify microstructural features present in chemically vapour deposited 
TIC coatings. Dearnle 
(22) 
prepared polished cross-sections of TiC/Al203 
multilayer coated cemented carbide inserts and used optical microscopy 
to reveal the presence of fine equi-axed grains in the TiC layer, parti- 
cularly in regions close to the substrate. These grains were found to be 
less than Zum in size and visible in the as-polished condition. Dearnley 
attributed this to the TiC grain boundaries becoming 'decorated' with 
carbon and other debris during the polishing process. However, only a 
small proportion of the TiC layers examined were decorated in this 
fashion, but it was not felt by Dearnley that these regions constituted 
porosity. In work by Dearnley and Trent 
(19) 
on single layer TIC coatings 
and multilayer coatings incorporating TIC, chemically vapour deposited 
on cemented carbide substrates, fine equiaxed grains -0.8ppm in diameter 
were observed in the bulk of the TIC coating with somewhat finer grains 
-0.2pm in diameter present in the coating adjacent to the coating/substrate 
interface, corroborating the findings of Dearnley(22). In contrast, 
optical cross sections prepared by Lee and Richman(") and Semenova and 
Minkevich(25), respectively, revealed columnar type grains in the coating, 
oriented normal to the coating/substrate interface. In contrast, porosity 
was found in chemically vapour deposited TIC coatings by Schintlmeister et 
al 
63) 
and Takahashi et al 
23) 
and whereas the former workers examined 
polished and etched cross-sections of TiC coated cemented carbide sub- 
strates the latter investigation refers to a 17pm thick TiC coating on 
an iron substrate precoated with cobalt. ( sa hi et a 
(23) 
also estimated 
the grain size of an 80um thick TIC coating deposited on a similar sub- 
srate, to be between 4 and 6pm. In the work previously mentioned by 
Dearnley(22) polished cross-sections also revealed thermal cracks present 
in the TIC coating which in some cases were found to have propagated into 
the substrate. 
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Consideration will now be given to the diffusion layers found to 
have formed when cemented carbide, steel and cast iron substrates 
were coated with TIC by C. V. D. Many workers have undertaken optical 
examinations of sectioned samples of cemented carbide inserts coated 
with TIC by C. V. D. and identified the presence of eta phase 
(22,28,29, 
45953,56957,64-66) 
in the upper region of the substrate, adjacent to 
the coating/substrate interface. In addition, the investigations by 
' 
Breval and Vuornen(57) and Lee and Richman 
29) 
revealed a layer con- 
taining Ti and Co (see Section 2.2), present in the upper layers of 
the TIC coating. The latter workers also observed a layer between the 
TIC coating and the cemented carbide substrate which they associated 
with Fe and Cr metallic contaminants. Wike(21) examined polished and 
etched cross-sections of P. M. BT42 grade H. S. S. inserts chemically 
vapour deposited with TiC and observed a virtually continuous light 
etching layer in the substrate, adjacent to the coating/substrate inter- 
face, on both the rake and flank faces. Microhardness measurements 
revealed that the light etching layer had a hardness similar to that of 
 (47) 
cementite. Perry and Horvath also found cementite layers in the 
substrate adjacent to the coating/substrate interface in TIC coated 
steel and cast iron and, in the case of steel substrates, chromium car- 
bide layers adjacent to the coating/substrate interface. Investigations 
of cast iron substrates coated with TiC by C. V. D. by Rupert 
(53), 
revealed 
not only the presence of decarburised layers in the substrate adjacent to 
the coating/substrate interface and layers in the coating adjacent to 
the coating/substrate interface, supposedly caused by impurities (N and 0) 
diffusing out from the substrate, but also layers between the coating and 
substrate. Elemental analyses (see Section 2.2) of the latter layers 
revealed them to be principally oxidic, metallic and quasi-metallic in 
nature. 
It must be stated that due to the small grains present in many of 
the coatings and the low resolution of optical microscopes, optical exam- 
ination of polished and etched cross-sections often proved unsatisfactory 
as a means of investigating coating microstructures, indeed in many 
instances in the literature it was not possible to see the microstructural 
features which the workers concerned stated wert present. As a result, a 
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number of workers employed several auxiliary techniques using the 
polished and etched cross-sections already prepared, in a further 
attempt to delineate the microstructural features present in chemically 
vapour deposited TiC coatings; these included photoemission electron 
microscopy 
(49), 
scanning electron microscopy 
(31,45P73) 
and transmission 
electron microscopy 
(22'29'72). With regard to the latter technique 
examination of the coating microstructure was facilitated by using a 
replica of the etched sample surface 
(29,72) 
or a thin foil specimen 
(22). 
Some of-the polished and etched cross sections prepared by Dearnley(22) 
referred to earlier, were broken out of their mountings and examined on 
an S. E. M.; although no 'decorated' TiC grain boundaries were resolved, 
it was possible to see that no porosity was present in the TiC coating 
and also that the thermal cracks in the TiC coating previously revealed 
optically, appeared to have propagated along grain boundaries. This 
latter observation prompted Dearnley to infer that intergranular fracture 
was a relatively easy process in the coating. Dearnley also devoted a 
small amount of time to the preparation of thin foils from the TiC/A1203 
multi layer coated cemented carbide inserts, presumably to corroborate the 
results of his optical examination. These foils were prepared by ion- 
beam thinning and their subsequent examination on a transmission electron 
microscope revealed the presence of equi-axed grains throughout the TiC 
coating, which contained very few dislocations. No columnar grains were 
seen nor was there any trace of porosity. The grain size varied through- 
out the thickness of the TiC coating; near the surface, grains -fpm in 
diameter were often visible, whereas finer grains, -0.4 to -0.7pm in size 
were present in the central region of the coating. Many of the grains 
within 1pm of the coating/substrate interface were substantially smaller, 
being -0.15pm in diameter, whilst some of the grains directly adjacent to 
the interface were -0.0811m or less in size. Several workers also used 
photoemission electron microscopy(491) and scanning electron microscopy 
(31f 
73) 
to confirm the presence of sub-micron sized grains in TiC coatings 
chemically vapour deposited on cemented carbide substrates and in one 
case 
(73) 
a progressive decrease in grain size from N1pm, near the coating 
surface, to less than 0.0511m in diameter in the lower layers of the 
coating, close to the coating/substrate interface were also observed, 
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corroborating the findings of Dearnley(? 
Z). 
This latter work also 
revealed the existence of voids < 0. lpm in size in the coating, mainly 
at the TiC grain boundaries. By examining replicas of polished and 
etched cross-sections of TIC coated cemented carbide substrates on a 
T. E. M., Lee and Richman 
(59) 
identified ultra fine grains in the TIC 
coating adjacent to the coating/substrate interface and columnar grains 
oriented normal to the coating/substrate interface in the bulk of the 
coating. With regard to diffusion layers, Sharma et al 
(45) 
used an 
S. E. M. to examine polished and etched cross-sections of TiC coated 
cemented carbide substrates and observed an intermediate region of mixed 
carbides between the substrate and the TIC coating. 
2.4 Fractography 
As previously mentioned in Section 2.3, due to the difficulties 
associated with preparing polished and etched cross-sections and examining 
them optically, many workers employed fractography as an alternative method 
for examining the structures of chemically vapour deposited TiC coatings(190 
20-22,29,54,55,62,63,69,73 = 81) 
a technique also used by Whittle in his 
work on chemically vapour deposited TiN coatings. 
The techniques used to obtain these fracture surfaces, unfortunately, 
are little discussed in the literature with only a few exceptions 
(21922p 
54,69,73) 
In two of theseý54'69) the fractured coated samples were 
simply the result of three point bend tests carried out to determine 
transverse rupture strengths, whilst Elgomayel et a1(73) simply stated 
that their samples were notched by electrodischarge machining prior to 
being fractured. Dearnley(22) describes cooling specimens with liquid 
nitrogen prior to fracture. WikeC21) investigated fractured surfaces of 
chemically vapour deposited TiC coatings on P. M. BT42 grade H. S. S. sub- 
strates using a technique devised by Whittle(15). This involved cutting 
a central slit in the insert to be examined with a diamond impregnated 
slitting saw, the insert then being fractured using a specially designed 
fixture which allowed fracture to occur evenly along the central slit. 
The two pieces of the fractured insert thus produced were then sputtered 
with gold and the coating fracture surfaces examined on an S. E. M. 
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Several investigators who employed fractography(63,69,74,76,77) 
did not fully discuss their results and in general, many fractographs 
presented in the literature are of insufficient quality and clarity to 
discern important structural features of the TiC coatings. As was the 
case with optical microscopy, however, there are important exceptions 
to this general observation. 
Using fractography Dearnley(22) revealed that the TiC layer on a 
TiC/Al203 multilayer, coated cemented carbide insert had an equi-axed 
grain structure with most of the grains being of the order of 0.813m in 
size, although grains less than 0.2pm in size were visible in an 2pm 
thick band adjacent to the coating/substrate interface. Fractographs 
of similar multi layer coated cemented carbide inserts were also presented 
by Dearnley and Trent(19) and Ekemar(79) and whereas the former workers 
showed the TiC layer to consist of equi-axed grains, the latter observed 
a TiC layer exhibiting slight directionality with grains oriented normal 
to the coating/substrate interface. Other workers presented fracto- 
graphs showing equi-axed 
(55,74,80) 
and columnar grain structures 
(29054p63) 
in TiC coatings chemically vapour deposited on cemented carbide substrates. 
Kobayashi and Doi 
(62) 
and Snell 
(81), 
also presented fractographs showing 
equi-axed TIC coatings on cemented carbide substrates and whilst the 
former work indicates a TiC grain size of less than 0.5pm, Snell found 
that the TiC grain size ranged from -0.2pm in the upper layers to -0.02pm 
in the lower layers of the coating adjacent to the coating/substrate 
interface. In contrast, Leonhardt et a1(36) noticed distinct needle 
like grains oriented normal to the coating/substrate interface in the bulk 
of a TiC coating chemically vapour deposited on a cemented carbide sub- 
strate with considerably finer, equi-axed grains present in the coating 
adjacent to the coating/substrate interface. The fractographs produced 
by Elgomayel 
73), 
referred to earlier, also revealed voids between the 
coating and cemented carbide substrate. 
Although fractographs presented by Wike0l), of TiC coatings chemically 
vapour deposited on P. M. BT42 grade H. S. S. inserts do not allow the 
coating structure to be clearly discerned, it appears that a region of 
small equi-axed TiC grains exist close to the coating/substrate inter- 
face, with a rapid transition to accicular type grains, oriented normal 
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to the coating/substrate interface, occurring in the bulk of the coating. 
2.5 Surface Condition Assessment 
Three techniques have been used to investigate the surface con- 
dition of chemically vapour deposited TiC coatings, namely, electro- 
graphic printing for imaging cracks and pores 
(82), 
the use of a Talysurf(21' 
49,75) 
to obtain surface roughness values and the examination of coating 
surfaces on a scanning electron microscope (S. E. M. )(19-23,29,31-35,50,51, 
54,56,76,82-86) 
Since only the latter two techniques were employed by Whittle 
(. 15) 
in his work on chemically vapour deposited TiN coatings only the results 
obtained using these techniques will be considered here. 
Using a Talysurf, Schuhmacher 
(49) 
established that the surface 
finish of TiC coatings could be improved by grinding, lapping and polish- 
ing of the cemented carbide substrates on which they were chemically 
vapour deposited, but only up to a certain point after which any further 
improvement in the surface finigb of the substrate had no effect. The 
minimum surface roughness value obtained for the coating was 1.111m R. M. S. 
Similarly, Horvath and Perry(75) determined a roughness average (Ra) 
value of 0.8pm for a TiC coating chemically vapour deposited on a cemented 
carbide substrate. Dearnley and Trent 
(19), 
who examined TiC, TiN/TiC 
and TiC/A1203 coatings on cemented carbide substrates found the peak-to- 
valley heights of the coatings to lie in the range 1-3pm, comparing 
favourably with the value of 1.7pm obtained by Schuhmacher(49) In 
another investigation of the surface condition of TiC, TiN/TiC and TiC/ 
A1203 coatings on cemented carbide substrates, whose surfaces had been 
generated by counter-rotating laps, Dearnley(22) found that in each case 
the topography of the coatings followed that of the substrate and con- 
sisted of a three-dimensional array of 'hills' and 'valleys'. The 
vertical distance between 'hill' peaks and 'valley' floors was found to 
vary from 2 to 3pm, whilst the horizontal distance between 'hill' peaks 
ranged between 30 and 10011m. Both the 'hills' and 'valleys' of all the 
coatings were noted to consist of fine, sphere-like asperities typically 
fpm in diameter. In the case of H. S. S. substrates, Wike(21), employing 
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the same profilometer used by Whittle 
(15), 
found that two P. M. BT42 
grade H. S. S. indexable inserts, which. had been surface ground only on 
their rake and bottom faces, had roughness average values of 0.200 
and 0.089pm on their rake faces and 0.646 and 0.4801im on their flank 
faces prior to coating, as compared to values of 0.382 and 0.244pm on 
their rake faces and 1.00 and 1.06811m on their flank faces after the 
chemical vapour deposition of a 7pm thick TiC coating. 
As previously indicated, many workers have examined the surface of 
chemically vapour deposited TiC coatings using an'S. E. M. From some of 
these investigations it is apparent that the surface roughness of the 
coating depends upon the nucleation and growth of the coating(32933,50,56) 
whilst in the remainder, workers used S. E. M. specifically to examine the 
surface morphology of TiC coatings. In all cases, 'the coatings appeared 
to be polycrystalline as opposed to amorphous, and their morphologies 
can be conveniently classified as either spheroidal 
(22932-35,56,71,83,84) 
accicular(32,33,54) or irregular 
(19,20,23,32-35,51,68,76,82) 
. (It is 
relevant to mention here that many of the investigations cited are con- 
cerned with the effect of chemical vapour deposition conditions on the 
surface morphology of TiC coatings and consequently, it is more fitting 
to deal with their results in Chapter 4.0). 
Lee and Richman 
(29) 
subjected TiC coatings chemically vapour deposited 
on cemented carbide substrates to thermal stresses, by placing samples 
into a furnace preheated to 800°C, for ten minutes. Subsequent inspection 
in an S. E. M. revealed the presence of fine cracks in the coatings. 
Investigations into the effect of heat treatments on the morphologies 
of chemically vapour deposited TiC coatings, by Colmet and Naslain(83), 
revealed that increasing the heat treatment temperature from 1000°C to 
1050°C, in a hydrogen atmosphere, appears to coarsen the surface grain 
structure of the TiC coating compared to the as-coated condition. 
2,6 Microhardness Tests 
Microhardness tests have been used exclusively to determine the 
hardness of chemically vapour deposited TiC coatings 
(21,23029,32-3,45953, 
64,6&, 67,71,80,87-91) 
and of TiC in its bulk ßorm(41-43,92,93) The 
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present section will concentrate on the results reported in the former 
investigations since they are of most relevance, however, those from 
the latter works are of interest and will therefore be included. 
Two types of indenter were used in these tests, namely, Knoop(29,34, 
45095) 
and Vickers 
(21,34,35,42,47,48,66,67,71,72,93,94), 
the former, 
since it produces a much. shallower impression than the latter under the 
same load, generally gives a more accurate microhardness value. Two 
methods have been employed to reduce the errors associated with the 
greater relative depth penetrated by a Vickers indenter; increasing 
coating thickness specifically to facilitate microhardness measurements 
(66,67) 
and the generation of low-angle taper sections in order to 
'mechanically magnify' the area of the sectioned coating 
(21,53). 
This 
latter method was used by Whittle, together with a Vickers indenter, in 
order to obtain hardness measurements of chemically vapour deposited TiN 
coatings. 
It is evident from the literature that much disparity exists between 
microhardness values quoted for TIC coatings. Variation due to the 
different types of indenter is by no means the only problem when attempt- 
ing to compare the microhardness of similar coatings on nominally the 
same substrates, since in many cases different loads were employed and 
quite often inadequate details of the test conditions have been presented. 
(34,93-95) Compounding this problem are the results of other researchers 
which Indicate-that both Knoop and Vickers micro-indentations are 
sensitive to the crystallographic orientation of the indenter diagonal, 
and the size of indentations is also dependent on loading time and loading 
rate(93,94)" The effect of coating impurities, such as oxygen and 
nitrogen, which readily occupy vacant carbon sites-in the lattice and 
hence influence hardness, is also well documented(42t43,96)" Other 
factors, such as coating stoichiometry(34,4l-43) (see Figure 2.2) 
and preferred orientation 
(32,35,36) have also been found to affect the 
microhardness of chemically vapour deposited TIC coatings. 
For what is claimed to be fully stoichiometric TiC, chemically'-vapour 
deposited on high carbon A110 steel, Horvath and Klemme(66) quote a 
Vickers microhardness value of 3700 kg MM for a 25g load, whilst for 
2 
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a sub-stoichiometric TiC coating on a cemented carbide substrate, a 
value of 3420 kg yam 
2 
was determined. The former value compares 
favourably with that of 3470 ± 319 kg znm 
2 
obtained for a TiC coating 
on a DIN 1.2080 steel, by Perry and Horvath(48) , using a 25g load. 
In the case of TiC coatings chemically vapour deposited on P. M. BT42 
grade H. S. S. substrates, Wike(21) obtained a Tickers microhardness of 
2 (47) 4008 kg mm for a 25g load and for the same load, Perry and Horvath 
found the Vickers microhardness for TiC coatings on several steel sub- 
strates to range from 3300 ± 260 to 3470 ± 320 kg mm 2. 
Other workers have measured the microhardness of TiC coatings 
chemically vapour deposited on a variety of steel 
(23,67,71,87,89,90) 
(29 35 45 64 72 80 88 89) 
and cemented carbide ''''''' substrates and also 
of TiC in its bulk form(43,92,93). The values obtained ranged from 
1800 to 5150 kg mm -2 for the TiC coatings on the steel substrates, 1900 
to 3600 kg mm -2 for the TiC coatings on the cemented carbide substrates 
and 2370 to 3800 kg mm -2 for bulk TiC. The indenters, loads and with 
regard to the TiC coatings, the type of substrate used are summarised 
in Table 2.1. 
All the microhardness values quoted for TiC so far refer to measure- 
, 
94`, 96 
ments carried out at ambient temperature, however, 
' 
several workers 
(34,93 
98) 
noted its strong dependence on temperature and data presented by 
Toth (98) is shown in Figure 2.3. The striking feature of Figure 2.3 is 
the relatively rapid decrease in TiC hardness with increasing temperature, 
falling from -3200 kg MM 
-2 at 0°C to -500 kg mm-2 at 800°C. 
2.7 Adhesion Testing 
ýl5) In his work on. chemically vapour deposited TO coatings, Whittle 
used the scratch-adhesion test (hereafter referred to simply as the 
scratch test) to assess coating adhesion. This technique has been 
similarly employed to investigate the adhesion of TiC coatings chemically 
vapour deposited on both steel 
(99-102) 
and cemented carbide 
(34'100'101) 
substrates. 
The scratch test was originally devised by Heavens (103) and further 
C104) developed by Benjamin and Weaver. As applied by the latter it 
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essentially consists of scratching a coated sample with a stylus 
(normally a diamond) of known tip radius, at a constant speed, under 
progressively increasing (either stepwise or continuously) applied 
load (W) until the coating is completely removed from the scratch 
channel. The lowest load at which this occurs is taken to be the 
critical load (Wc). According to the theory of Benjamin and Weaver 
(104) 
the surface of the sample deforms plastically under the action of the 
stylus, producing a shear force (per unit area), F, at the coating/ 
substrate interface as shown in Figure 2.4. The magnitude of this 
'force' at which complete coating removal occurs, which Benjamin and 
Weaver took to correspond to the strength of adhesion of the coating, 
is related to the critical load by the formula 
_we 
H/fI 
i 
FC (2.1) 
r2 - WC/]IH 
where H= substrate hardness and r= stylus tip radius. 
One problem in applying the scratch test to hard material coatings 
is that, as will be seen later, complete removal of the coatings from 
the scratch channel, during scratch testing, can be preceded by partial 
removal from the scratch channel, flaking at the edges of the scratch 
channel, local spalling, cracking and loss of load bearing capacity. 
To resolve this difficulty it has been suggested 
(105) 
that the critical 
load should be taken to be that which corresponds to the first appear- 
ance of cracks in the coating and/or local coating detachments (the so- 
called threshold adhesion failure). This has led to the application of 
various ancillary techniques to facilitate critical load determination, 
including, electrographic printing 
(99), 
microhardness tests(102)1 
acoustic emission 
(100-102)'optical (99-102) 
and scanning electron micro- 
scopy (S. E. M. )(34,99,100,102) and energy dispersive X-ray analysis on 
either an E. P. M. A. 
(102) 
or an S. E. M. 
(34,99), 
the latter method also 
having been employed by Whittle in his investigation of chemically 
vapour deposited TO coatings. 
Unfortunately, this is not the only problem. From an examination 
of the scratch test itself, Butler et al(1 
06) 
concluded that the 
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scratching process is far more complex than hitherto realised, and 
that therefore the test may only be used quantitatively to compare 
the adhesion of similar coatings on identical substrates; a view- 
point also shared by Thikherjee et al 
07 
Oroshnik and Croll 
105) 
further state that absolute comparisons, cannot be made between scratch 
tests carried out in different laboratories or using different scratch 
test equipment, due to inherent deviations between styli. They did, 
however, add that providing the stylus tip radius and scratch speed are 
known, in addition to the substrate type and hardness, some comparisons 
may be made. 
With regard to scratch tests on TiC coatings chemically vapour 
deposited on cemented carbide-substrates; in their work, Hintermann 
and Laeng 
(100) 
and Laeng and Steinmann 
(101) 
used a Rockwell diamond stylus 
with a tip radius of 0.2mm and a cone angle of 120°, together with a 
scratch speed of 10mm min 
1, to produce scratches on a 611m thick TiC 
coating. The former workers found that the acoustic emission level 
for loads less than approximately 2.25kg, was negligible, whilst a 
sharp increase was observed for a load of approximately 2.5kg, indicating 
this to be the critical load. Further, the level rapidly increased up to 
a threshold value which remained relatively constant even when larger 
loads were applied. It was observed by optical microscopy that the 
critical load established corresponded to the onset of coating flaking 
and good correlation was found between this and the acoustical detection 
of failure. Also using acoustic emission, Laeng and Steinmann(101) 
observed a rapid increase in the acoustic emission level for a load of 
3kg and similarly found that this corresponded to the onset of flaking 
of the coating. In addition, although cracks running parallel to the 
coating/substrate interface, said to be present in the vicinity of the 
interface, were observed in an optical cross-section and led Laeng and 
Steinmann to conclude that coating failure was primarily adhesive in 
nature, these cracks appear to occur within the coating and consequently 
this last conclusion is regarded with some reservation. In tests by 
Breval 
34)', 
diamond styli of 50]1m and 100pm tip radius and scratch 
speeds between 6 and 180 mm min-1 were used to scratch a 6pm thick TiC 
coating chemically vapour deposited on a cemented carbide insert 
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commercially produced by Sandvik Ltd. Loads in the range 0.4 to 3.5kg 
were first applied to produce scratches from which the critical load, 
taken as the lowest load required to cleanly strip the coating from 
the substrate, could be estimated. Following this, a more accurate 
determination was achieved using five loads ranging from a value below 
to one above the previously estimated value and a scratch speed of 
6mm min 
1, The critical load was determined using energy dispersive 
X-ray analysis on an S. E. M. by analysing for the presence of Ti, Co 
and Win the scratch channel. It was found that for loads less than 
the critical load of 3.5kg, signal levels for the major substrate 
elements (Co and W) were minimal, whilst'for the critical load these 
signal levels increased markedly and that for Ti was completely absent. 
BrevalC34) -interpreted this to be indicative of a cleanly stripped 
Coating. 
Turning to scratch tests on TiC coatings chemically vapour deposited 
on steel substrates, several workers have also examined scratches 
produced with a Rockwell diamond stylus having a 0.2mm tip radius, a 
cone angle of 120° and using a scratch speed of 10mm min-1 in order to 
assess the adhesion of the coatings. Perry 
(102) 
investigated the adhesion 
of an 8.6ppm thick TiC coating on a ledeburitic tool steel substrate 
(DIN No. 1.2080; x210 Cr12) with a hardness of 58.6 HRC (-680 HV), 
using acoustic emission, optical and scanning electron microscopy to 
determine the critical load and E. D. A. X. on an E. P. M. A. to identify the 
mode of coating failure. Microscopic examination revealed that Hertzian 
type cracking occurred in the scratch channels at low loads (between 1.6 
and 3.0kg) accompanied by flaking of the coating. As the loads were 
increased, further deformation and cracking was found to occur together 
with more extensive flaking of the coating. Using E. D. A. X. to determine 
the distribution of Fe and Ti in the scratch channels, it was revealed 
that flaking generally occurred within the coating and seldom at the 
coating/substrate interface, indicative of cohesive failure. This was 
found to occur in two stages: local flaking it a load of 2.5kg, char- 
acterised by a slight increase in the acoustic emission signal, followed 
by loss of the coating in large regions right across the scratch channel 
at a load of 2.7kg, accompanied by a marked increase in the acoustic 
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emission signal. By applying the theory of Benjamin and Weaver 
'(102) 
(Equation (2.1), Perry calculated that these two stages of coating 
failure occurred at shear stresses of 620 and 670 MPa, respectively. 
Using the same test conditions, Hammer et al 
(99) 
produced scratches 
on TiC coatings chemically vapour deposited by six different companies, 
on the same substrate material used by Perry 
X02). 
By employing 
acoustic emission alone or by combining it with S. E. M. observations, 
together with E. D. A. R., to investigate the Fe and Ti distributions in 
the scratch channel, they established that the critical loads for the 
samples ranged from -1kg to -4kg. Coating loss by adhesive flaking, 
which occurred ahead of the stylus at the coating/substrate interface, 
was observed for all the samples. In addition, following Tvarusko and 
Hintermann 
(82), 
a rapid method was developed to identify the critical 
load, whereby an electrographic print of the scratched specimen was 
made and used a solution of log NaCl plus hlg K3Fe(CN)6 in 100ml of 
water, which produced a blue image from areas where 
iron in the sub- 
strate, was laid. bare by the stylus. 
Hintermann and Laeng 
(100) 
and Laeng and Steinmann 
(101) 
also conducted 
scratch tests on TiC coatings chemically vapour deposited on steel sub- 
strates. Using scanning electron microscopy the former workers found 
that for an 811m thick TiC coating the first signs of failure occurred 
at a load of 1.6kg with flaking being seen at both sides of the scratch 
channel. Analysis of the regions exposed by flaking indicated that 
elements typical of the substrate could only be found at the rim of this 
region adjacent to the scratch channel. Hintermann and Laeng(100) 
concluded that cracks responsible for the flaking were probably initiated 
at the coating/substrate interface and propagated to the coating surface 
in an oblique rupture giving rise to a mixed cohesive/adhesive failure 
mode. These results compare favourably with similar observations made 
for scratches on an 8}ßm thick TiC coating, by Laeng and Steinmann 
(101)' 
though they stated that it was difficult to interpret the critical load 
and suggested that more fundamental work was necessary before reliable 
numerical values of the adhesive strength of the coatings could be 
determined. 
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Other workers(99'101) have investigated the effect of substrate 
hardness on the adhesive strength of TiC coatings chemically vapour 
deposited on steel substrates. In both cases it was established that 
the critical load increases with increasing substrate hardness. In 
the more comprehensive study by Laeng and SteinmannGp1) it was found 
that the adhesive strength (as calculated from Equation (2.1))of TIC 
coatings deposited on steel substrates, increased from «800 to 
-2200 MPa for steel substrates in the annealed state and from -500 to 
-1400 MPa when in the quenched and tempered condition, for an increase 
in substrate hardness from 300 to 700 HV10. Similarly, it was found 
by Hammer et al 
99) 
from investigations of an 8.1pm thick TiC coating 
on steel (DIN No. 1.2600 x205 Cr W Mo V121), that the critihal load 
increased from -2 to -3.7 to -4.3kg when the substrate hardness was 
increased from 430 to 810 to 890 1V10, respectively. 
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Reference 
number 
Load 
g 
Indentor Substrate icrohardness 
kg mm 
2 
23 50 Vickers 2011m Co on steel 2 400-3700 
71 10 Vickers Ledeburitic-chrome 
steel 
3400 
90 20 Vickers 1.2080 steel 2500 
90 20 Vickers 1.2080 steel 3300 
89 50 Vickers Grey cast iron 3%C 2700 
89 50 Vickers Uddeholm ASP30 H. S. S. 
30%Cr, Mo, W, V, Co 
1800 
87 20 Vickers 1%C steel 2800 
87 20 Vickers 1.2080 steel 3600 
89 50 Vickers 85% WC, 15% Co 2700 
89 50 Vickers 94.5% WC15.5% Co 3600 
29 50 Knoop C-2 grade cemented 
carbide 
2200-2600 
35 50 Vickers WC -6 Wt% Co 1900-3600 
45 50 Knoop WC, TiCX, Ta(Nb)CX Co 2535 ± 40 
64 50 Vickers P20, cemented carbide 2800 
72 50 Vickers We, 6% Co 2150-2550 
80 - Vickers M20, P40 cemented 
carbide 
3200 
88 - - Cemented carbide 3450 
67 50 Vickers Steel 4750-5150 
43 50 Vickers Bulk TiC 0.980 
2770 
92 - Bulk TiC 3200-SSd0 
93 200 Vickers Bulk TiC ±0 . 02 
2370-3560 
Table 2.1 Microhardness values quoted for chemically vapour deposited 
TiC coatings and bulk TiC in the literature. 
CHAPTER 3 
EXPERIMENTAL WORK AND RESULTS - CHARACTERISATION OF 
P. M. BT42 GRADE H. S. S. INSERTS COATED WITH TiC AT 
EDGAR ALLEN TOOLS USING STANDARD DEPOSITION 
CONDITIONS 
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3.0 EXPERIMENTAL WORK ''AND RESULTS - CHARACTERISATION OF P. M. BT42 
GRADE H, S, S. INSERTS COATED WITH TiC AT EDGAR ALLEN TOOLS USING 
STANDARD DEPOSITION CONDITIONS. 
As previously mentioned in Chapter 1 and for the reasons given 
there, it was decided to begin the present work by undertaking a 
detailed characterisation of the P. M. BT42 grade H. S. S. inserts coated 
with TiC by C. V. D. under the standard conditions employed by Edgar 
Allen Tools, both before and after the obligatory H. S. S. substrate heat 
treatment. The results obtained for these two aspects of the work are 
presented in the latter two sections of this chapter and, in addition, 
the characterisation techniques employed during the course of the work, 
chosen with reference to the work previously carried out by' Whittle 
(15) 
on TiN coatings chemically vapour deposited on P. M. BT42 grade H. S. S. 
inserts (Chapter 1.0), are fully described. Prior to this, however, 
it is relevant to describe in some detail how the H. S. S. inserts, coated 
with TiC by C. V. D., are produced. 
3.1 Production of P. M. BT42 Grade H. S. S. Inserts Coated with TiC 
by C. V. D. 
The P. M. BT42 grade H. S. S. inserts coated with TiC by C. V. D. were 
specially produced for the present investigation by Edgar Allen Tools, 
using a procedure which basically consisted of three stages: production 
of the P. M. BT42 grade H. S. S. inserts, C. V. D. of the TiC coating and 
subsequent heat treatment of the coated inserts. Although the first 
and third stages involved the use of standard production procedures the 
coating stage was accomplished by employing standard conditions recomm- 
ended by Plansee the company from which the C. V. D. plant was purchased. 
Each of the three stages are described in more detail below. 
3.1.1 Production of BT42 grade H. S. S. inserts. 
The BT42 grade H. S. S. inserts are manufactured by Edgar Allen Tools 
using their aforementioned, patented, direct compaction and sintering 
P. M. route 
(10) (see Chapter 1.0). Before compaction the water atomised, 
prealloyed H. S. S. powder employed is hydrogen annealed both to soften it 
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and also to reduce its oxygen content. The annealed powder is then 
double-end pressed at a pressure of : 550 MPa to give green compacts 
with preformed clearance faces, ~14.9mm square (on their top i. e. rake 
face) by -4.2mm thick. The press used for this operation is shown in 
Figure 3.1. The green compacts are then solid-state vacuum sintered 
to theoretical density in the sintering furnace shown in Figure 3.2, 
which was designed and manufactured specifically for this sole purpose. 
The sintering cycle used, which is carried out automatically and lasts 
for approximately 5 hours is detailed below. 
1. Evacuate furnace to starting vacuum of 10 
4 torr. 
2. Preheat to 900°C at 25°C min 
1. 
3. Hold at 900°C for 10 minutes. 
4. Heat to sintering temperature of 1240°C at 5°C min 
2 
5. Sinter at 1240°C for 1 hour. 
6. Inert gas quench to room temperature. 
After sintering, inserts from representative positionswithin the 
sintering furnace are inspected with regard to density and microstructure. 
Chemical analysis is also carried out to ensure that their composition 
is within the limits specified for BT42 grade H. S. S. 
(108) 
(see Table 3.1). 
At this stage the inserts are -13.1mm square (on their rake face) by 
-3.6mm thick. They are finally surface ground on their rake and bottom 
surfaces so they conform to the dimensions specified for SPUN 120308 
utility insertsU09), shown in Figure 3.3. For identification purposes, 
inserts at this stage of production will hereafter be termed 'as- 
sintered' inserts. 
It is pertinent to note that all the as-sintered inserts used for 
the present work were taken from a single batch of inserts which had been 
sintered and ground together and were produced from the same consignment 
of prealloyed powder. 
3.1.2 C. V. D. of TiC coating 
Prior to C. V. D. of the TiC coatings, specially carried out by Edgar 
Allen Tools for the present investigation, as-sintered inserts were 
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and also to reduce its oxygen content. The annealed powder is then 
double-end pressed at a pressure of : 550 MPa to give green compacts 
with preformed clearance faces, ~14.9mm square (on their top i. e. rake 
face) by -4.2mm thick. The press used for this operation is shown in 
Figure 3.1. The green compacts are then solid-state vacuum sintered 
to theoretical density in the sintering furnace shown in Figure 3.2, 
which was designed and manufactured specifically for this sole purpose. 
The sintering cycle used, which is carried out automatically and lasts 
for approximately 5 hours is detailed below. 
1. Evacuate furnace to starting vacuum of 10 
4 torr. 
2. Preheat to 900°C at 25°C min 
1. 
3. Hold at 900°C for 10 minutes. 
4. Heat to sintering temperature of 1240°C at 5°C min 
5. Sinter at 12400C for 1 hour. 
6. Inert gas quench to room temperature. 
After sintering, inserts from representative positionswithin the 
sintering furnace are inspected with regard to density and microstructure. 
Chemical analysis is also carried out to ensure that their composition 
is within the limits specified for BT42 grade H. S. S. 
(108) 
(see Table 3.1). 
At this stage the inserts are -13.1mm square (on their rake face) by 
N3.6mm thick. They are finally surface ground on their rake and bottom 
surfaces so they conform to the dimensions specified for SPUN 120308 
utility inserts(109), shown in Figure 3.3. For identification purposes, 
inserts at this stage of production will hereafter be termed `as- 
sintered' inserts. 
It is pertinent to note that all the as-sintered inserts used for 
the present work were taken from a single batch of inserts which had been 
sintered and ground together and were produced from the same consignment 
of prealloyed powder. 
3.1.2 C. V. D. of TiC coating 
Prior to C. V. D. of the TiC coatings, specially carried out by Edgar 
Allen Tools for the present investigation, as-sintered inserts were 
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cleaned in dilute nitric acid to remove any local oxidation marks 
and degreased in an organic solvent. They were then loaded into the 
reactor chamber of the Plansee C. V. D. plant used by Edgar Allen Tools, 
shown in Figure 3.4 and schematically in Figure 3.5, where they were 
accommodated on a selected level prior to being heated to the coating 
temperature. The coating procedure employed consists of three distinct 
stages: chamber purge, deposition and cooling. All operations required 
to initiate each stage were carried out manually. The whole cycle took 
approximately 9 hours. C. V. D. of the TiC coating during the secon . 
stage was carried out using the standard reaction of titanium tetra- 
chloride with methane shown below. 
Excess H2 
TiC14 ýý + 
CH4 
ýgý 
TiC 
ýsý + 
4HC1 
(g) 
1020 0C 
The titanium tetrachloride (TICly) is supplied from a reservoir (main- 
tained at constant temperature i. e. 500C) and introduced into the coating 
chamber by hydrogen carrier gas which also serves as a reductant. The 
actual standard deposition conditions employed by Edgar Allen Tools are 
specified in Table 3.2, along with the conditions pertaining to each of 
the other two stages. These conditions, as indeed the three stage coating 
procedure itself, were recommended to Edgar Allen Tools for the TIC 
coating of these H. S. S. inserts by Plansee. It is, however, important to 
mention that this procedure was originally devised for the C. V. D. of TiC 
coatings on cemented carbide and not H. S. S. substrates. Following coating, 
representative inserts from the selected level of the coating chamber were 
inspected with regard to the thickness of their TiC coatings. 
The term 'as-coated' will, hereafter, be applied to inserts at 
this stage of production 
3.1.3 Heat treatment of as-coated inserts 
In this final stage of production, the as-coated inserts are heat 
treated to harden and temper the P. M. BT42 grade H. S. S. substrate. As 
previously mentioned in Chapter 1, this is necessary in the case of 
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H. S. S. tools coated by C. V. D. due to the deposition temperature 
employed being well in excess of the tempering temperature of H. S. S. 
In order to prevent oxidation of the TiC coating, heat treatment 
of the as-coated inserts at Edgar Allen tools is conducted in a 
protective nitrogen atmosphere, using the modified heat treatment 
furnace shown in Figure 3.6. The procedure employed is described 
below. 
1. Preheat at 850°C for 10 mins. 
2. Second preheat at 1050°C for 10 wins. 
3. Austenitise at 1200°C for 7 mins. 
4. Quench to 60°C within 35 wins. and hold for 7 mins. 
5. Double temper (2 x 1j hours) at 550°C, quenching to 600C 
after the first temper and to room temperature after the second. 
Following heat treatment the hardness of the H. S. S. substrate of the 
coated inserts from different positions in the heat treatment furnace 
is checked on a Rockwell hardness testing machine. In order that the 
inserts at this stage of production may be discriminated from those 
previously defined, the former will be referred to as 'heat treated, 
coated' inserts. 
In the present work, uncoated P. M. BT42 grade H. S. S. inserts manu- 
factured by Edgar Allen Tools have also been used. These are simply 
as-sintered inserts directly subjected to the hardening and tempering 
treatment, using the same furnace and exactly the same heat treatment 
procedure as described above. During the characterisation work presented 
in this thesis such inserts will be referred to as 'heat treated, 
uncoated' in order to avoid any possible ambiguity. 
3.2 Characterisation of P. M. BT42 Grade H. S. S. Inserts Coated with 
TiC by C. V. D. (i) As-Coated Condition. 
This section deals primarily with the characterisation of P. M. BT42 
grade H. S. S. inserts coated with TiC by C. V. D., in their as-coated 
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condition. A small amount of work carried out on the as-sintered 
inserts is however, also included. It is important to note that 
all the as-coated inserts used for this characterisation came from an 
original batch of 50 as-sintered inserts which were coated in one run 
in the Plansee C. V. D. plant at Edgar Allen Tools. 
3.2.1 X-ray diffraction 
As in Whittle's work 
(15) 
on chemically vapour deposited TiN 
coatings X-ray diffraction was used in the present work to determine 
the lattice parameter and preferred orientation'of the TiC coatings of 
the as-coated inserts tobe used in the following characterisation work. 
This was done, to ensure at least with regard to crystal structure, that 
the TiC coating on each insert was typical... Thus it could be felt with 
some confidence that the results subsequently obtained using the other 
characterisation techniques would be truly comparable. This work, and 
all the other Z-ray work reported here, was carried out on a Phillips 
X-ray set using a diX ractometer. A crystal monochromator was also 
employed to ensure that only Cu Kai radiation from the copper target 
was present at the detector. 
In the previous work surveyed (see Section 2.1) preferred orienta- 
tions had principally been obtained by comparing the relative intensities 
of reflections from the coatings to those quoted in the A. S. T. M. powder 
file for the relevant randomly oriented powder. However, it was empha- 
sised in Section 2.1 that it was by no means clear in absolute terms 
exactly how this comparison had been made. In the present work it was 
therefore decided that a TiC powder, supplied by Goodfellow Metals Ltd., 
would be used to facilitate this comparison. The composition of the TiC 
powder is shown in Table 3.3. The sample for X-ray diffraction was 
prepared by suspending the powder in vaseline in the proportion 4: 1 by 
weight, it having been previously determined that this was well in excess 
of the ratio of powder : Vaseline for which the amount of powder present 
was too low to have an effect. X-ray spectra for the powder sample were 
then obtained using two different slit arrangements in the diffractometer, 
I 
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for reasons which will become apparent later in this section. First, 
a 10 incident slit and a 10 receiving slit were used and second, a 
I° incident slit and a 10 receiving slit were used. The spectra obtained 
for the powder sample under these two different slit arrangements were 
analysed separately. The integrated intensity of reflection for each 
family of reflecting planes was first determined by measuring the area 
under the corresponding peak using a planimebek'. The integrated 
intensity for the strongest reflection (the {200} planes) was then assigned 
a value of 100, as in the A. S. T. M. powder file 
(44), 
and relative inten- 
sities for the other families of planes obtained by dividing the area 
under the peak corresponding to the family of planes under consideration 
by the area under the peak corresponding to the {200} planes and then 
multiplying by 100. As shown in Figure 3.7, the relative intensities 
for the TiC powder obtained for the two different slit arrangements used 
were found to be virtually identical and also to correspond very well 
(44) indeed to those quoted for TiC in the A. S. T. M. powder file. In 
view of this, the TiC powder can be considered as randomly oriented. 
X-ray spectra for the TiC coating on the rake and flank faces of 
the as-coated inserts were obtained separately using the two different 
slit arrangements referred to earlier, the 1° incident and receiving 
slits being employed in the case of the coating on the rake face and the 
10 incident and 10 receiving slits being employed in the case of that 
on the flank face. The conditions were necessary in order to decrease 
the amount of X-ray scattering resulting from the different coating sur- 
face areas on the rake and flank face which could be exposed to the X- 
ray beam. From the spectra obtained for the coating on the rake/flank 
face of a particular insert, the integrated intensity of reflection for 
each family of planes was first determined, as for the powder sample, 
by measuring the area under the corresponding peak. Relative intensities 
were then obtained by dividing the area under the peak corresponding to 
a particular family of planes by the area under the peak corresponding 
to the {200} planes of the TiC powder sample, determined using the same 
slit arrangement, and then multiplying by 100. Finally, preferred 
orientation in the coating was identified, by comparing the relative inten- 
sities thus obtained to those of the randomly oriented powder sample. 
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It was found that the TiC coating on the rake face of each of the 
as-coated inserts examined exhibited a similar degree of preferred 
orientation as did that on the flank face. Typical relative intensities 
for the TiC coating on the rake and flank faces of the as-coated inserts, 
compared to those for the randomly oriented TiC powder, are shown in 
Figure 3.8. 
In undertaking the previously described determination of coating 
preferred orientation, it had been assumed that the integrated intensities 
measured were representative of the coating only, i. e. that there had 
been no contribution from the H. S. S. substrate. In common with the work 
carried out by Whittle 
(15), 
on chemically vapour deposited TO coatings, 
it was thought best to check the validity of this assumption before pro- 
ceeding further. Consequently, X-ray spectra were first obtained for two 
as-sintered inserts and compared to those previously obtained for the 
as-coated inserts. Only one reflection in the spectra for the as-coated 
inserts was identified as originating from the H. S. S. substrate, but it 
did not interfere with any of the reflections from the TiC coating itself. 
In addition, a theoretical analysis was made of the depth of X-ray 
penetration through the TiC coating. The formula used in this analysis 
(110) 
was 
_2 ix 
Sine Gx = 1-e (3.2) 
where Gx is the fraction of the total diffracted intensity contributed 
by a surface layer of depth x, u is the linear absorption factor for 
the material (calculated to be 715cm-1 for stoichiometric TiC) and 6 is 
the Bragg angle. Using this formula curves of Gx versus x were plotted 
for the {111}, {200) and {220} planes in the TiC coating, these being 
the most significant with respect to the reflected X-ray intensity. All 
the curves obtained were basically similar in shape, differing only in 
the value of Gx at any depth x. This difference arises from the decrease 
in Gx, for a particular value of x, as 0 increases. The curve exhibiting 
the largest amount of X-ray penetration of the three plotted was, there- 
fore, that for the {220} planes and consequently this is shown in Figure 
3.9. From this figure it can be seen that for a typical TiC coating 
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thickness of 3 to *pm (see Table 3.5) at least 60% of the total 
diffracted intensity arises from the coating. Taking this into 
account, since, as described earlier, it has been established that 
only one reflection in the spectra for the as-coated inserts originates 
from the H. S. S. substrate, and that this does not interfere with any 
of the reflections from the TiC coating itself, it would appear that 
the original assumption made was valid, i. e. that the integrated inten- 
sities measured were representative of the coating only and that there 
had been no significant contribution from the H. S. S. substrate. 
Lattice parameters were determined by measuring the angle 0 for 
each reflection on the spectra for a particular sample and then using 
simple expressions derived from Bragg's law to calculate values of 
lattice parameter 'a' for each reflection 'hkl'. By plotting a graph 
of these a values versus the function of 0 developed by Nelson and hkl 
Riley 
ýlll) 
for minimising possible errors caused, for example, by ad- 
sorption, the most accurate value for the lattice parameter was deter- 
mined as the value of ahkl at 6= 90°. This was actually carried out 
on an Apple II microcomputer using a linear regression analysis program 
which essentially fitted the best straight line to the experimental 
values and then extrapolated it to determine the value of ahkl at 6= 9o°. 
The values of lattice parameter thus obtained for the TiC powder sample 
and the TiC coating on the rake and flank faces of the as-coated inserts 
are summarised in Table 3.4. 
3.2.2 Elemental analysis 
As described in Section 2.2., A. E. S. has been used in other inves- 
tigations to determine the composition of chemically vapour deposited 
TiC coatings and to investigate the variations in composition across the 
coating/substrate interface. The technique was found to be particularly 
suitable for this purpose since it has a high detection power and 
resolution combined with the capability for accurate quantitative 
elemental analysis. In common with the work undertaken by Whittle 
(15) 
on 
chemically vapour deposited TIN coatings, A. E. S. was employed in the 
present work to obtain a composition-depth profile through both the TiC 
coating and coating/substrate interface of an as-coated insert, and this 
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was facilitated by employing the recently introduced ball-cratering 
technique to eliminate the problems associated with the sequential 
removal of surface layers by argon-ion bombardment referred to earlier 
in Section 2.2. 
This technique basically involves using a rotating, spherical steel 
ball coated in fine diamond paste to grind a crater in the surface of a 
sample. The ball is lightly loaded and hence the depth of the abrasive 
wear marks produced in the crater are generally less than the diameter 
of the diamond paste used. This is important since the final surface 
roughness determines the depth resolution subsequently attainable. A 
schematic diagram of a ball crater in the surface of a coated sample is 
shown in Figure 3.10. With reference to this figure, since the radius 
of the ball (R) determines the curvature of the crater, its total depth 
(d) can be simply calculated using the formula: 
D 22 
d= (3.3) 
8R 
where D2 is the diameter of the crater. It is relevant to note that the 
ball-cratering technique also provides a reasonably accurate, convenient, 
'non-destructive' method of determining coating thickness. Again with 
reference to Figure 3.10, it can be shown using simple geometry, that 
coating thickness (t) is given by the expression: 
t= 
D2 1s (3.4) 
8R 
where Di is the diameter of the exposed substrate surface and the other 
symbols are as previously defined. 
In the present work, as in the work by Whittle(, 
15) 
on chemically 
vapour deposited TO coatings, a 30mm diameter steel ball coated in lum 
diamond paste was used to produce a crater approximately 10pm deep on 
the rake face of the as-coated insert to be analysed. After ball-cratering 
the insert was cleaned in methanol followed by acetone. It was then 
mounted in the 10 KeV Scanning Auger Electron Spectrometer and its surface 
again cleaned, this time by argon ions, to remove any residual atmos- 
pheric contamination and'oxidation. The electron analyser was then tuned 
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to the Auger peak of a particular element (e. g. titanium), the incident 
electron beam moved across the crater, and the variation of the 
particular Auger peak chosen, with position recorded. Similar line- 
scans were taken for several other elements in order to accurately locate 
the coating/substrate interface and the edge of the crater, the latter 
being located by the change. in amplitude of the total secondary electron 
current which occurs at the crater edge due to the change in curvature. 
The length of the relevant part of the line-scans was then correlated 
with crater depth using the expression: 
y=d-R+ (R2- 4(D2-2x)2)i (3.5) 
where y is the depth of the crater at lateral distance x from its edge 
and the other symbols are as defined previously. This enabled various 
points along the line-scans, corresponding to different crater depths, 
to be selected for analysis. Full-spectrum analysis was subsequently 
carried out at each of these points (i. e. depths) with simultaneous argon- 
ion bombardment at a slow erosion rate to prevent the adsorption of water 
vapour from the residual gases in the vacuum system. The results thus 
obtained for the as-coated insert, which were quantified using TiC and 
T102 powder standards (the former being a sample of the TiC powder 
employed in the X-ray diffraction work - see Section 3.2.1) are presented 
in Figures 3.11 and 3.12. 
3.2.3 Optical microscopy 
It was noted in Section 2.3 that optical microscopy has previously 
been employed principally to investigate coating microstructure, the 
presence or absence of diffusion layers in the substrate adjacent to the 
coating/substrate interface and to a lesser extent to determine coating 
thickness and assess the surface roughness of chemically vapour deposited 
TiC coatings. It was intended, using the methods employed by Whittle 
(15) 
in his work on chemically vapour deposited TO coatings, that it would be 
used for basically the same purposes in the present work. To this end two 
of the as-coated inserts were sectioned using a diamond impregnated 
slitting saw and one half of each selected for mounting and polishing. 
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It was, however, known from the previous work surveyed that attempts 
to prepare polished cross-sections of coated samples using conventional 
polishing techniques or a slight modification to these, had resulted 
in serious edge rounding of the coating and that consequently various 
alternative methods had been used to prevent this. 
With reference to these methods (described in Section 2.3) the 
technique adopted to polish the sectioned inserts in the present work was 
that developed by Whittle and was achieved as follows. The two halves of 
the sectioned as-coated inserts selected were first mounted in Buehler 
'Epomet' (a proprietory mounting medium containing hard particles, 
designed to give good edge definition and flatness) and then successively 
polished on five cast iron lapping plates, impregnated with 15,9,6,3 and 
fpm diamond compound respectively, for a period of at least one hour per 
plate under a load of approximately 2kg. When a reasonably polished 
section had been achieved on the lpm lap, the samples were vibratory 
polished on a napless nylon cloth impregnated with 3pm diamond compound, 
until all the surface damage remaining from the final lapping operation 
had been removed, this stage normally taking 6-7 days. They were then 
finish vibratory polished, again on a napless nylon cloth but this time 
impregnated with 1pm diamond compound and then given a final polish on a 
selvyt cloth using a suspension of 0.05pm 'Y-alumina powder in water. 
Although rather time consuming this preparation technique was found to 
give polished cross-sections which were generally superior to those 
presented in the literature. 
Two as-sintered inserts were similarly sectioned and one half of 
each mounted and polished using the procedure just described. The two 
sets of polished samples (i. e. as-sintered and as-coated) were then etched 
in 2% nital and an optical examination of both made on a Reichert MeF2 
microscope, this microscope being used for all the optical microscopy 
carried out in the present work. First, the as-sintered and as-coated 
sectioned samples were inspected at relatively low magnification on their 
rake and flank faces to ensure their integrity. Following this a more 
detailed optical examination was carried out at higher magnification 
paying particular attention to the microstructure of the H. S. S. substrate 
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adjacent to the rake and flank surfaces of the as-sintered inserts 
and adjacent to the coating/substrate interface on the rake and flank 
surfaces of the as-coated inserts. Bulk substrate microstructures were 
also examined. Typical microstructures observed for the as-sintered and 
as-coated inserts are shown in Figures 3.13 and 3.14 respectively. In 
addition, the thickness of the TiC coating on the rake and flank faces 
of both of the as-coated inserts was measured optically, using the micro- 
meter eyepiece normally used for microhardness testing on the Reichert 
MeF2. Twenty readings were taken to determine each value, the results 
obtained being summarised in Table 3.5. 
It was further decided to determine the grain size of the H. S. S. 
substrate of both the as-sintered and as-coated inserts; the intercept 
method devised by Snyder and Graff 
(112), 
which is based on an actual 
count of the grains, was chosen for this purpose since it is particularly 
suitable for high speed steels. In this method, the microstructure of 
the sample under investigation is projected onto a ground glass screen 
at a magnification of 1000 X. The number of grains which cross or 
touch a 127mm (5") long line drawn on the screen are then counted, with 
an average of ten readings at random points on the sample giving the 
'intercept grain size'. In general, intercept numbers above 15 denote 
a very fine grain size; from 12 to 15, a fine grain size; from. 9 to 11, 
a medium grain size; and 8 or lower, a coarse grain size. In the present 
work, twenty readings were taken at random points on each of the polished 
and etched cross-sections of the as-sintered and as-coated inserts, the 
results obtained being summarised in Table, 3.6. 
Although not strictly relevant to the present section, it is con- 
venient to point out here that the polished and etched cross-sections 
were also employed to determine the hardness of the H. S. S. substrate of 
the as-sintered and as-coated inserts. The hardness tests were carried 
out on a Vickers hardness testing machine using a load of 30kg. The 
results obtained are presented in Table 3.7. 
The two remaining halves of the previously sectioned as-coated 
inserts were then mounted and polished using the procedure described 
earlier, in order to investigate the microstructure of the TiC coating. 
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With reference to the previous work documented in Section 2.3, the 
polished samples were etched in a 70/30 mixture of HN03/HF to reveal 
the coating microstructure, an etching time of 1j-2 minutes supposedly 
being found to give the best results. As anticipated, given the 
problems encountered in other investigations (see Section 2.3), it was 
found that the microstructure of the coating could not be satisfactorily 
resolved optically. Hence, with reference to the work described in 
Section 2.4 and given the success achieved by Whittle 
(15) 
in his work on 
chemically vapour deposited TiN coatings, it was decided to employ 
fractography as an alternative method to overcome this difficulty. 
It is pertinent to mention that Whittle 
(15) 
has also examined the 
microstructure of a TiN coating on a transmission electron microscope 
(T. E. M. ) using a replica of an etched coating specifically to facilitate 
his study. This technique has also been used by other investigators 
to examine the microstructure of chemically vapour deposited TiC coatings 
(see Section 2.3). However, given the success of the other techniques 
employed in the present characterisation and the time consuming prepara- 
tion methods required for this latter technique, together with the 
difficulties associated with the interpretation of its results, it was 
not felt that its use could be justified here. 
3.2.4 Fractography 
As mentioned in the last section, the TiC coating microstructure 
of the as-coated inserts could not be satisfactorily resolved optically 
and consequently, in common with the work by Whittle 
(15) 
on chemically 
vapour deposited TiN coatings, fractography was also used in the present 
work. 
Many previous investigations (see Section 2.4) of chemically 
vapour deposited TiC coatings have also involved the use of fractography, 
although the techniques used to fracture the coated samples have not been 
adequately described. In the present work, however, following the method 
devised by Whittle (15) a diamond impregnated slitting saw was first used 
to cut a deep (-2.9mm) central slit in the bottom of two as-coated inserts 
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to be examined. The inserts were then fractured using a specially 
designed fixture in which their lower half was clamped whilst a uni- 
formly distributed load was applied to their upper half, causing 
fracture to occur evenly along the central slit, the use of this 
fixture leading to the attainment of consistent coating fracture sur- 
faces. The two pieces of each fractured insert thus produced were 
then sputtered with gold and their rake face coating fracture surfaces 
examined on an S. E. M. The fractographs illustrated in Figure 3.15 
reveal the representative TiC coating structure observed for the two 
° inserts. 
3.2.5 Surface condition assessment 
Of the three techniques which have been used to assess the surface 
condition of chemically vapour deposited TiC coatings (see Section 2.5), 
the latter two were used by Whittle 
(15) 
in his work on chemically vapour 
deposited TiN coatings and were thus adopted for use in the present work. 
Consequently, a profilometer was first used to investigate the surface 
roughness of two as-sintered inserts and two as-coated inserts on both 
their rake and flank faces. On the rake face, two Ra (roughness average - 
formerly centre line average) readings were taken on each of five evenly 
divided sampling lengths parallel to one of the cutting edges and on 
five similar lengths perpendicular to the former five sampling lengths. 
On the flank face, however, because of the smaller area, only one Ra 
reading was taken on each of five evenly divided sampling lengths running 
down the flank face normal to the cutting edge and two readings taken on 
each of three lengths parallel to the cutting edge. The reason for taking 
so many readings was to determine the consistency of the surface roughness 
on the rake and flank faces. The Ra values thus obtained for the two 
as-sintered and two as-coated inserts are summarised in Table 3.8. In 
addition, typical Talysurf traces are shown in Figure 3.16. A further 
two as-coated inserts were then sputtered with gold and the surface of 
the TiC coating on their rake and flank faces examined on an S. E. M. 
Micrographs of typical regions are shown in Figure 3.17. 
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3.2.6 Microhardness tests 
It was previously mentioned in Section 2.6, that due to the 
extreme thinness of typical chemically vapour deposited TiC coatings, 
microhardness tests have been exclusively employed by previous investi- 
gators to determine the coating hardness. Similarly, it was also 
decided to employ microhardness tests in the present work. Two types 
of indenter have previously been used for this purpose, namely Knoop 
and Vickers, the former generally giving more accurate microhardness 
values than the latter since it produces a much shallower impression for 
a given load. Also, as explained in Section 2.6, two methods have been 
-used to reduce the errors associated with the greater relative depth 
penetrated by a Vickers indenter; increasing coating thickess and pro- 
ducing low-angle taper sections to 'mechanically magnify' the area of 
the sectioned coating. Since the latter method was employed by Whittle 
(15) 
together with a Vickers indenter, in his investigation of the hardness 
of TiN coatings, this method was also adopted in the present work. 
Consequently, the two as-coated inserts selected for microhardness 
testing were first sectioned using a diamond impregnated slitting saw and 
one half of each mounted in Buehler 'Epomet' with its rake face at an 
angle of 5.6° to the base of the mount. The mount was then ground parallel 
to its base, thus obliquely sectioning the coatings and 'mechanically 
magnifying' their thickness by a factor of 10. This sequence of operations 
is illustrated schematically in Figure 3.18. The low angle taper sections 
thus produced were then polished using the procedure previously detailed 
in Section 3.2.3. 
The microhardness tests were actually carried out on the Reichert 
MeF2 microscope previously employed in the optical microscopy work. The 
dependence of microhardness on load for the TiC coating was noted in 
Section 2.6 and with reference to the previous work presented there, a 
load of 25g was selected for all subsequent microhardness tests to be 
carried out on the TiC coatings. In addition, the time of load applica- 
tion was fixed at 5 seconds. An investigation of the variation in coating 
microhardness with distance from the coating/substrate interface was then 
carried out on each of the taper sectioned samples to locate the region 
in which truly representative microhardness values could be obtained. 
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The variation determined for one of the TiC coatings is shown. in 3.19. 
This is typical and it can be seen that once a certain distance from 
the coating/substrate interface is reached a plateau exists on which 
the microhardness does not vary significantly. Consequently, all sub- 
sequent microhardness measurements were taken in the centre of this 
plateau, with twenty five measurements being made on each coating. The 
results thus obtained for the TiC coating on the rake face of the two 
as-coated inserts investigated are summarised in Table 3.9. 
3.3 Characterisation of P. M. BT42 Grade H. S. S. Inserts Coated With 
TiC By C. V. D. (ii) Heat Treated, Coated Condition 
This section is primarily concerned with the characterisation of 
P. M. BT42 grade H. S. S. inserts coated with TiC by C. V. D. in their heat 
treated, coated condition. The main purpose of this work was to enable 
a comparison to be made of the coated inserts both before and after the 
obligatory heat treatment of the P. M. H. S. S. substrate, in order to 
determine whether this heat treatment had any effect on the character- 
istics of the TiC coating, in addition to its desired effect on the H. S. S. 
substrate. To facilitate as direct a comparison as possible between the 
heat treated, coated and as-coated inserts, only those as-coated inserts 
whose TiC coating had previously been characterised by X-ray diffraction 
and hence found to be typical (see Section 3.2.1), were heat treated for 
use in the present work. Their heat treatment was carried out at Edgar 
Allen Tools using the standard procedure defined in Section 3.1.3. With 
the exception of adhesion testing (see Section 3.3.7), the character- 
isation of these heat treated, coated inserts was carried out using the 
same characterisation techniques and procedures as previously employed 
in the case of the as-coated inserts. Since these have been described 
in great detail in Section 3.2, it is not thought necessary to fully 
repeat their description here. Appropriate details will, however, be 
given and the adhesion tests will, of course, be described in full. 
Also included in this section is a small amount of work carried 
out on heat treated, uncoated inserts. 
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3.3.1 X-ray diffraction 
Before any X-ray work was carried out on the beat treated, coated 
inserts it was decided to check that the alignment of the Philips X-ray 
set had not been disturbed over the period since the X-ray work on the 
as-coated inserts had been undertaken. To this end, the relative 
intensities and lattice parameter of the randomly oriented TiC powder 
sample employed in that work were first re-determined using the procedure 
described in Section 3.2.1. The results obtained are presented in 
Figure 3.20 and Table 3.10 respectively. Comparing these results to 
those obtained originally, shown in Figure 3.8 and Table 3.4, it is 
evident that they are identical and hence that no change in the align- 
ment of the X-ray set has occurred. This fact is important since it guar- 
antees the best comparability possible between the X-ray results obtained 
for the heat treated, coated inserts and those previously obtained for 
the as-coated inserts. 
The preferred orientation and lattice parameter of the TiC coating 
on the rake and flank faces of all the heat treated, coated inserts to 
be further characterised were then determined using the procedures 
previously described in Section 3.2.1. As expected, it was found'that the 
TiC coating on the rake face of each of the heat treated inserts investi- 
gated exhibited a similar degree of preferred orientation, as also did 
that on the flank face. Typical relative intensities obtained for the 
TiC coating are shown in Figure 3.20 compared to those for the randomly 
oriented TiC powder, whilst the lattice parameter values determined for 
the TiC coating on the rake and flank faces of the heat treated, coated 
inserts are summarised in Table 3.10. 
3.3.2 Elemental analysis 
Using the procedure previously described in Section 3.2.2, an 
A. E. S. composition-depth profile through both the TiC coating and coating/ 
substrate interface of one of the heat treated, coated inserts was 
obtained. This profile is shown in Figures 3.21'and 3.2%. It is 
pertinent to note that the heat treated, coated insert used was the same 
insert used to obtain the composition depth profile in Section 3.2.2, 
albeit in its as-coated condition. 
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3.3.3 Optical microscopy 
Using the procedure previously described in Section 3.2.3, two 
of the heat treated, coated inserts were first sectioned and one half 
of each mounted and polished. Without etching, the samples were then 
subjected to a relatively high magnification optical examination in 
order to investigate the type and extent of any defects present in 
either their H. S. S. substrate or TiC coating. All the defects observed 
in the heat treated, coated inserts are shown in Figure 3.23. 
Two heat treated, uncoated inserts were similarly sectioned, 
mounted and polished. The two sets of polished samples (i. e. heat treated, 
uncoated and heat treated, coated) were then etched in 5% nital and a 
detailed, high magnification optical examination of both carried out 
with particular attention paid to the microstructure of the H. S. S. sub- 
strate adjacent to the rake and flank surfaces of the heat treated, un- 
coated inserts and adjacent to the coating/substrate interface on the 
rake and flank surfaces of the heat treated, coated inserts. Bulk sub- 
strate microstructures were also examined. Typical microstructures 
observed for the heat treated, uncoated and heat treated, coated inserts 
are shown in Figures 3.24 and 3.25, respectively. In addition, as with 
the as-coated inserts (see Section 3.2.3), the thickness of the TiC 
coating on the rake and flank faces of both of the heat treated, coated 
inserts was measured optically. The results obtained are summarised in 
Table 3.11. Finally, using the procedures previously described in 
Section 3.2.3, the intercept grain size and hardness of the H. S. S. sub- 
strate of both the heat treated, uncoated and heat treated, coated 
inserts were determined, the results obtained being summarised in Tables 
3.12 and 3.13, respectively. 
1 3.3.4 Fractography 
Two of the heat treated, coated inserts were fractured using the 
procedure previously described in Section 3.2.4 and the two resulting 
pieces of each fractured insert were sputtered with gold and their rake 
face coating fracture surfaces examined on an S. E. M. As with the as- 
coated inserts (see Section 3.2.4), it was found that, in general, the 
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structure of the TiC coating on both heat treated, coated inserts 
was relatively uniform along its length, with the coating structure 
shown in Figure 3.26 being representative of that most often observed. 
3.3.5 Surface condition assessment 
The Talysurf 10 previously employed was first used to investigate 
the surface roughness of the TiC coating on the rake and flank faces 
of two of the heat treated, coated inserts using the procedure described 
earlier in Section 3.2.5. The results obtained are summarised in Table 
3.14. In addition, typical Talysurf traces for the two heat treated, 
coated inserts are shown in Figure 3.27. These two inserts were, in 
fact, the ones which had previously been characterised in this way in 
their as-coated condition. The two inserts were then sputtered with gold 
and the surface of the TiC coatings on their rake and flank faces 
examined on an S. E. M. Micrographs of typical regions are shown in Figure 
3.28. 
3.3.6 Microhardness tests 
Using the procedure previously described in Section 3.2.4 low- 
angle taper sections were first produced utilising the remaining half 
of each of the two heat treated, coated inserts previously slit for 
microexamination (see Section 3.3.3). An investigation of the variation 
in coating microhardness with distance from the coating/substrate inter- 
face was then carried out on each of the taper-sectioned samples to 
locate the region in which truly representative microhardness values 
could be obtained. - The variation determined for one of the TiC coatings 
is shown in Figure 3.29. This is typical and it can be seen that, as 
found for the as-coated inserts (see Figure 3.19) once a certain distance 
from the coating/substrate interface is reached a plateau exists on which 
the microhardness does not vary significantly. Consequently, all sub- 
sequent microhardness measurements were taken in the centre of this 
plateau. The results thus obtained for the TiC coating on the rake face 
of the two heat treated, coated inserts investigated are summarised in 
Table 3.15. 
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3.3.7 Adhesion tests 
As mentioned previously in Section 2.7, Whittle 
(15) 
employed the 
scratch test to assess the adhesion of chemically vapour deposited TiN 
coatings and the technique was similarly used to investigate coating 
adhesion in the present work. 
The scratch tester used in the present work was designed and built 
with reference to information from various sources, including the Centre 
Suisse d'Electronique et de Microtechnique S. A. Neuchatel, Switzerland. 
This tester is shown in its 'rest' and 'scratch test' positions in Figures 
3.30 and 3.31 respectively. A more detailed view in the latter position 
showing the stylus and insert under test is given in Figure-3.32. The 
stylus used in the scratch tester, a Rockwell C-scale diamond indenter 
with a tip geometry shown in Figure 3.33, had been chosen with reference 
to previous work (see Section 2.7). It was held in a shaft which, during 
scratch testing, was located in a recirculating ball bearing designed to 
minimise friction whilst still providing high rigidity and positional 
accuracy. The bearing itself was held in an arm, pivoted on two needle 
bearings to enable it to be swung into the rest position (see Figure 3.30), 
with a stop visible in Figure 3.30, provided to position the arm for 
scratch testing. Integral with the shaft holding the stylus was a load 
platform (see Figure 3.30) on which weights could be placed (see Figure 
3.31), the stylus assembly itself having a mass of 0.5kg. The range of 
weights available allowed the stylus load to be increased from a minimum 
of 0.5kg to a maximum of 10kg in 0. lkg increments. The table on which the 
coated inserts were located and clamped during scratch testing (see 
Figure 3.31) was a commercial double-axis motion unit with a maximum 
travel in both directions of 10mm. It could be moved manually in a 
direction normal to the scratch direction by means of a threaded shaft, 
which, together with the insert location and clamping arrangements, is 
shown in Figure 3.32. A 6V D. C. electric motor with a power rating of 
8W at 5000 - 6000 r. p. m. was used to drive the table in the scratch and 
return directions through a 4-pile epicyclic gear train providing success- 
ive reductions in speed of 6: 1; 5: 1; 4: 1 and 3: 1 (see Figure 3.30). 
The direction of the motor (and hence the table) was controlled by a 3- 
way switch, whilst a variable resister was used to control the speed of 
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the motor, enabling the scratch (i. e. 
varied over the range 0 to 12mm min 
1. 
table) speed to be infinitely 
Two limit switches, one of 
which is visible in Figure 3.32, were used to stop the motor when the 
maximum table travel had'been reached in either the scratch or return 
directions. 
For. TjC coatings chemically vapour deposited on steel substrates, 
the critical load during scratch testing has been found to increase 
with coating thickness (see Section 4.2) and substrate hardness (see 
Section 2.7). Consequently, prior to scratch testing, the thickness 
of the chemically vapour deposited TiC coating on the rake face of the 
two heat treated, coated inserts to be investigated in the present work 
and the hardness of their H. S. S. substrate were determined. Ball 
cratering (see Section 3.2.2) was used to determine the former, whilst 
Vickers hardness tests performed on the area of H. S. S. substrate thus 
exposed were used to determine the latter. Only heat treated, coated 
inserts having a coating thickness of 3.5 ± 0.5pm and a substrate hard- 
ness of 905 ± 25 HV30 were selected for scratch testing. The values 
obtained for the two heat treated, coated inserts are shown in Table 3.16. 
The direction in which the rake face of each of the inserts had originally 
been surface ground (see Section 3.1.1) was then determined using optical 
microscopy, after which scratch tests were performed on the inserts using 
the procedure described below. 
The insert to be tested was first located and clamped on the scratch 
tester table such that the scratches would be made in the same direction 
as that in which its rake face had originally been surface ground. 
Using the drive motor and threaded shaft, the table was moved to the start 
position (corresponding to the top left hand corner of the insert as 
viewed in Figure 3.32) and the stylus assembly inserted in the bearing 
in the pivoted arm so that the stylus tip was resting on the surface of 
the TiC coating. A 0.5kg weight was then placed on the load platform 
(giving a stylus load of 1kg), the variable resistor adjusted to give a 
scratch speed of lomm min 
1 (chosen with reference to previous work 
see Section 2.7) and the drive motor engaged making a scratch 9mm long 
on the surface of the TiC coating. The applied weight and the stylus 
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assembly were then removed, the stylus tip cleaned, the pivoted arm 
swung into the rest position and the table returned to its original 
position by reversing the direction of the motor. Using the threaded 
shaft the table was then moved a distance of 1mm (1j revolutions of the 
threaded shaft) normal to the scratch direction and the indentor 
assembly re-inserted in position in the pivoted arm. The stylus load 
was then increased by 0.5kg and a further scratch test carried out, 
this procedure being repeated up to a stylus load of 10kg. 
With reference to the ancillary techniques employed by Whittle 
(15) 
in his work on chemically vapour deposited TiN coatings and also used 
in previous investigations of similarly deposited TiC coatings (see 
Section 2.7), the scratches produced on the two heat treated, coated 
inserts were first examined on an optical microscope. The object of 
this examination was to inspect the scratch channels for any features 
which might indicate which load(s) had brought about complete removal 
of the coating and to determine the lowest load at which flaking at the 
sides of the scratch channel had occurred. It was found that the scratch 
channels produced by all the stylus loads employed were of a silvery 
appearance which contrasted starkly with the dark grey colour of the TiC 
coating visible beyond their edges. This effectively prevented the 
identification of the loads which caused complete coating removal to 
occur. A closer examination of the scratch channels on each of the 
inserts revealed that although a little flaking was clearly observed at 
the edges of scratch channels produced by stylus loads greater than 7kg 
(inclusive), whether any occurred at lower loads was not beyond reason- 
able doubt. To resolve this situation the two heat treated, coated in- 
serts were given an evaporated carbon coating and the scratch channels 
examined on an S. E. M. fitted with an energy dispersive X-ray analyser. 
Beginning with a scratch channel produced at one of the lower stylus 
loads and moving to those produced by successively higher loads, the 
scratch channels on the two heat treated, coated inserts were analysed 
for the presence of Ti and Fe by scanning for their characteristic Ka 
X-radiation. In this way the load which corresponded to a sharp rise 
in the Fe Ka signal concomitant with a significant fall in the Ti Ka 
signal was determined, this being taken to be the lowest load at which 
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complete coating removal had occurred. It was found that this load 
was 8.0kg for each of the two heat treated, coated inserts examined. 
Therefore, S. E. M. micrographs of the typical regions of the scratch 
channels produced on one of the heat treated, coated inserts, at loads 
of 7,5 and 8.5kg together with the corresponding Ti and Fe Ka elemental 
scans are shown in Figure 3.34. 
In addition, the examination of the edges of the scratch channels 
on both inserts using the S. E. M. confirmed the earlier observation that 
the lowest load at which flaking of the coating occurred was 7kg; an 
S. E. M. micrograph of a region of the scratch channel showing the typical 
flaking observed on one of the inserts, together with the corresponding 
Ti and Fe Ka elemental scans are shown in Figure 3.35. 
It should be noted that the reason scratch tests were not carried 
out on the as-coated as well as the heat treated, coated inserts was 
that, as mentioned earlier in this section, for TiC coatings on steel 
substrates the critical load during scratch testing has previously been 
found to increase with increasing substrate hardness. The difference 
in hardness of the H. S. S. substrate of the as-coated and heat treated, 
coated inserts (see Tables 3.7 and 3.13) would therefore have precluded 
any meaningful comparison of their critical loads. 
Although the results presented in this section will be fully dis- 
cussed in Chapter 8.0 with the relevant conclusions summarised in Chapter 
9.0, two major conclusions do warrant attention here. The reasons for 
this will become clear later. 
In this respect the main conclusions drawn from the experimental work 
presented in this chapter are firstly, that the heat treatment procedure 
47 
(see Section 3.1.3) used to harden the H. S. S. substrate of the as-coated 
inserts does not significantly affect the structure or properties of 
the chemically vapour deposited TiC coatings. This is important since 
it allows any further characterisation work to be conducted on inserts 
in their as-coated condition. Secondly, the TiC coatings examined on 
the as-coated inserts in the present work were found to be different to 
some of those investigated in the literature (see Chapter 2.0). In 
addition, it is evident from a number of studies that the C. V. D. process 
parameters do significantly influence the material properties of the TiC 
coatings. This latter point, together with the earlier conclusion 
suggest that an improvement in the structure and properties of the TiC 
coatings of interest here, could be achieved. For this reason it was 
decided to continue the present experimental work with a study of the 
effect of the major C. V. D. process parameters on the structure and prop- 
erties of the TiC coated P. M. BT42 grade H. S. S. inserts under investiga- 
tion and this work is presented in Chapter 5.0. It is preceded in 
Chapter 4.0 by a review of previous investigations concerned with the 
effect of the C. V. D. process parameters on the characteristics of chem- 
ically vapour deposited TiC coatings. 
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Figure 3.2 Vacuum sintering furnace at Edgar Allen Tools. 
Figure 3.1 Powder compaction press at Edgar Allen Tools. 
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Figure 3.3 Dimensions of SPUN 120308 utility inserts. 
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Figure 3.5 Schematic diagram of Plansee C. V. D. plant. 
Figure 3.6 Modified vacuum heat treatment furnace at Edgar Allen Tools. 
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Figure 3.7 Relative intensities for TiC powder obtained using two 
different slit arrangements compared to those quoted 
for TiC in A. S. T. M. powder file. 
Figure 3.8 Typical relative intensities for TiC coating on rake and 
flank faces of as-coated (standard deposition conditions) 
inserts compared to those for randomly oriented TiC powder. 
Figure Typical relative intensities for TiC coating on rake and 
flank faces of as-coated (standard deposition conditions) 
inserts compared to those for randomly oriented TiC powder. 
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Figure 3.14 Section through as-coated (standard deposition 
conditions) insert. Etchant 2% nital x1000. (a)Bulk substrate microstructure, (b) Rake 
surface, (c) Flank surface. 
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Figure 3.15 Fracture surface of an as-coated (standard 
deposition conditions) showing typical 
coating structure. S. E. M., (a) x2500, 
(b) x7500 . 
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Figure 3.16 Typical., rake and flank face Talysurf traces for two as-sintered 
and two as-coated (standard deposition conditions) inserts. 
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Figure 3.17 Typical regions of surface of TiC coating on an as-coated (standard 
deposition conditions)insert. S. E. M., (a) Rake surface, x2000, (b) Rake surface, x4000, (c) Flank surface, x2000, (d) Flank 
surface, x4000. 
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Figure 3.18 Production of low-angle taper sections (schematic)(15) 
(a) Rake face of coated insert glued to angled-plug. 
(b) Coated insert mounted in Buehler 'Plastimet'. 
(c) Resulting mount. 
(d) Mount ground parallel to its base. 
(e) Magnified view of region "A" showing taper- 
sectioned coating. 
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Figure 3.23 Unetched section through heat treated, coated 
(standard deposition conditions) insert showing 
substrate and coating defects. (a) Porosity in 
P. M. H. S. S. substrate, x750, (b)Cracks in 
coating adjacent to cutting edge, x1000, (c) 
Coating surface protrusion, x1000. 
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Figure 3.23 Unetched section through heat treated, coated 
(standard deposition conditions) insert showing 
substrate and coating defects. (a) Porosity in 
P. M. H. S. S. substrate, x750, (b)Cracks in 
coating adjacent to cutting edge, x1000, (c) 
Coating surface protrusion, x1000. 
I '. 
(a) 
(U) 
(u) 
Figure 3.24 Section through heat treated, uncoated insert. 
Etchant 5% nital, x1000. (a) Bulk subst rate 
microstructure, (b) Rake surface, (c) Flank 
surface. 
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Figure 3.25 Section through heat treated, coate d 
(standard deposition conditions) 
insert. Etchant 5% nital, x1000. (a) 
Bulk substrate microstructure, (b) 
(b) 
Figure 3.26 Fracture surface of TiC coating on a heat 
treated, coated (standard deposition 
conditions) insert showing typical coating 
structure. S. E. M., (a) x2500, (b) x7500. 
treated, coated (standard deposition conditions) inserts. 
Figure 3.27 Typical rake and flank face Talysurf traces for two heat 
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Figure 3.28 Typical regions of surface of TIC coating on a heat treated, 
coated (standard deposition conditions) insert. S. E. M., 
(a) Hake surface, x2000, (b) Rake surface, x4000, (c) Flank 
surface, x2000, (d) Flank surface, x"1000. 
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Table 3.1 Composition of BT42 grade H. S. S. 
(108) 
Chemical composition, wt. % 
C Si Mn Cr Mo W V Co 
1.25- 
1.40 
0.40 
max. 
0.40 
max. 
3.75- 
4.50 
2.75- 
3.50 
8.50- 
9.50 
2.75- 
3.25 
9.0- 
10.0 
Table 3.2 Standard conditions used by Edgar Allen Tools for coating 
P. M. BT42 grade H. S. S. inserts with TiC in the Plansee 
coating furnace. 
St T t e 
Gas flow rate, 1 hr -1 Time 
age empera ur 
0c Ar H2 H2(TiCly) N2 CH4 
minx. 
Heating 20-1020 400 - - - - - 
Soaking 1020 400 - - - - 45 
Deposition 1020 - 1850 1875 25 480 60 
Cooling 1020-20 400 - - - - - 
TiC14 reflux temperature = 50°C 
Table 3.3 Composition of TiC powder supplied by 
Goodfellow Metals Ltd. 
Chemical composition, wt. % 
Ti C 02 
78,1 18.56 2800ppm 
Table 3.4 Lattice parameter values obtained for TiC 
powder and TiC coating on rake and flank 
faces of as-coated (standard deposition 
conditions) inserts. 
Lattice TiC 
TiC coating 
parameter 
X 
powder 
Rake Flank 
Averagt 4.3215 4.3242 4.3211 
Maximum - 4.3276 4.3232 
Minimum - 4.3203 4.3110 
Standard 
deviation 
- 0.00316 0.00446 
Table 3.5 Thickness of TiC coating on rake and flank faces 
of two as-coated(standard deposition conditions) 
inserts. 
Coating Insert 1 Insert 2 
thickness 
m 
Rake Flank Rake Flank 
Average 3.54 4.18 3.63 3.99 
Maximum 4.22 4.76 3.98 4.76 
Minimum 3.20 3.12 3.20 3.20 
Standard 
deviation 
0.248 0.526 0.184 0.362 
Table 3,6 Intercept grain size of P. M. BT42 grade H. S. S. 
substrate of two as-sintered and two as-coated 
(standard deposition conditions) inserts. 
Intercept As-sintered As-coated 
grain 
size Insert 1 Insert 2 Insert 1 Insert 2 
Average 6 6 5 4 
Maximum 8 9 7 7 
Minimum 3 4 3 2 
Standard 1.59 1.41 0.98 1.26 
deviation 
Table 3.7 Hardness of P. M. BT42 grade H. S. S. substrate of 
two as-sintered and two as-coated (standard 
deposition conditons) inserts. 
As-sintered As-coated 
Hardness 
HV30 Insert 1 Insert 2 Insert 1 Insert 2 
Average 606 605 565 570 
Maximum 612 616 573 579 
Minimum 588 598 559 561 
Standard 
deviation 
7.2 6.0 5.7 6.9 
0 
4-3 
43 
13 
N 
i 
N 
co 
0 
+) 
0 
CH 
N 
r1 
at 
N 
N 
04 
0 
ca 9.1 
14 
0 
N 
44 
cri 
ra 
0 
4J 
'd 
0 
0 
a dO 
0vi 
ca +) 
?40 
w 
b 94 0 
a, "4 4a 
MM 
Qo 
ri 
Cd 
F 
CV) 
I-I N v-I C 
N 47 
0 4-3 
O 
v (D N 
a N 
d d C') 
O 
0 
O 
ýf! 
a) 
67 
ri 
0 
xp N 0 0 Co 
c0 p0 Cl) cr) 
'd 
O vI 
W rl N '-I 0 
4J Cd 
O 
Vy 
W'f 
ý7 dý M N 
IY. O i -I 
p p 
c'ä 
N 
M 
M 
O N 
.d N rl rt v-I O 
4) N 
O 
0 4-3 
-( y 
to N 
1 93 00 
C tc) v 
t- 
O V-4 M 
(A 
Cl 
c 
GC O 
Ö 
O Ö 
Ö N CD Cl 
.d W r-I r-1 rl O 
O 
qH 
rl O 
to N 
O 
ý 
ý 
M Cl ' td O N 
O O O O 
N 
q 
ä Cd 
U 
-4 
u 9 9 iii -H 
'q 6A O cd 91 ä b cad 
-H 0 -H 
v 
Table 3.9 Microhardness of TiC coating on two 
as-coated (standard deposition 
conditions) inserts. 
Microhardness 
kgmm2 
Insert 1 Insert 2 
Average 2602 2575 
Maximum 2811 3040 
Minimum 2424 2259 
Standard 
deviation 
114 229 
Table 3.10 Lattice parameter values obtained for TiC 
powder and TiC coating on rake and flank 
faces of heat treated, coated (standard 
deposition conditions) inserts. 
Lattice TiC 
TiC coating 
parameter powder Rake Flank 
Average 4.3223 4.312 4.311 
Maximum - 4.315 4.312 
Minimum - 4.310 4.310 
Standard 
deviation - 0.00161 0.00114 
Table 3.11 Thickness of TiC coating on rake and flank faces 
of two heat treated, coated (standard deposition 
conditions) inserts. 
Coating Insert 1 Insert 2 
thickness 
um Rake Flank Rake Flank 
Average 3.97 4.22 3.90 4.05 
Maximum 4.83 5.68 4.32 6.02 
Minimum 3.41 3.69 3.41 3.41 
Standard 
deviation 
0.286 0.536 0.280 0.664 
Table 3.12 Intercept grain size of P. M. BT42 grade 
H. S. S. substrate of two heat treated, 
uncoated and two heat treated, coated 
(standard deposition conditions) inserts. 
Heat treated, Heat treated, 
Intercept 
uncoated coated 
grain 
size 
Insert 1 Insert 2 Insert 1 Insert 2 
Average 7.9 7.3 5 4.5 
Maximum 12 10 7 6 
Minimum 6 6 3 4 
Standard 
deviation 1.5 1.2 1.05 0.85 
Table 3.13 Hardness of P. M. BT42 grade H. S. S. substrate 
of two heat treated, uncoated and two heat 
treated, coated (standard deposition conditions) 
inserts. 
d H 
Heat treated, uncoated Heat treated, coated 
ness ar 
HV30 Insert 1 Insert 2 Insert 1 Insert 2 
Average 915 912 906 903 
Maximum 927 919 919 919 
Minimum 905 905 890 890 
Standard 
deviation 
8.3 5.0 9.1 8.7 
Table 3.14 Rake and flank face surface' roughness values for 
two heat treated, coated (standard deposition 
conditions) inserts. 
Roughness Insert 1 Insert 2 
average 
Ra, Um Rake Flank Rake Flank 
Average 0.47 2.57 0.72 2.38 
Maximum 0.82 3.40 0.97 2.90 
Minimum 0.22 2.20 0.50 1.90 
Standard 
deviation 
0.156 0.364 0.120 0.354 
/ 
Table 3.15 Microhardness of TiC coating on two 
heat treated, coated (standard 
deposition conditions) inserts. 
Microhardness Insert 1 Insert 2 
-2 kg mm 
Average 2646 2812 
Maximum 2918 3295 
Minimum 2421 2603 
Standard 97 146 
deviation 
Table 3.16 Thickness of TiC coating and hardness of 
H. S. S. substrate of two heat treated, 
coated (standard deposition conditions) 
inserts used in scratch tests. 
Coating thickness 
Jim 
Substrate hardness 
HV 30 
Insert 1 3.59 905 
Insert 2 3.82 897 
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4.0 EFFECT OF PROCESS PARAMETERS ON THE CHEMICAL VAPOUR DEPOSITION 
OF TiC 
As mentioned at the end of Chapter 3.0, the present chapter is 
primarily concerned with the previous investigations of the effect of 
process parameters on the characteristics of chemically vapour deposited 
TiC coatings and serves to complement the second part of the experimental 
work described in Chapter 5.0. 
In this regard, an extensive survey of the literature revealed that 
the major C. V. D. process parameters studied in previous investigations 
were deposition time, CHy/TiCly mole ratio and deposition temperature, 
the latter two being found to have the most significant effect on the 
structure and properties of TiC coatings. The influence of these para- 
meters are dealt with in Sections 4.2 to 4.4 which form the most compre- 
hensive parts of the present chapter. Other studies have also revealed 
that pressure (total and partial) is important in the C. V. D. of TiC and 
although, with respect to partial pressure, this parameter was varied 
specifically to facilitate changes in the CR4/TiCl, y mole ratio, for con- 
venience both total and partial pressure are considered in a separate 
section. The effects of a number of other process variables, namely, 
hydrocarbon species, presence of oxygen, position of substrate, total 
flow rate, argon flow rate and inlet HC1 concentration have also been 
investigated, albeit to a lesser extent, and these are dealt with in the 
last section of the present chapter. The first section, however, is con- 
cerned with the part played by the substrate and whilst strictly speaking 
the substrate to be coated is not a process parameter its nature does 
have important consequences for the deposition of TiC. Prior to this 
it is useful to briefly consider the more general features of the C. V. D. 
of TiC. 
With reference to the overall reaction often used to explain the 
formation of TiC by C. V. D. first introduced in Section 3.1.3 and again 
indicated below, it is pertinent to mention that with regard to coating 
Excess H2 
TIC14 
(g) + CH 4 102 00 TiC ýsý + 
4HC1 
(g) 
steel or cemented carbide substrates with TiC, this equation although 
49 
stoichiometrically correct conceals among others a number of facts. 
Firstly, and most important is that TiC is also formed from carbon 
in the substrate reacting with TiCly. This is not surprisingly 
referred to as the substrate reaction. Also, as previously mentioned 
in Section 3.1.3, the titanium tetrachloride (TiC14) is supplied from 
a reservoir (maintained at a constant temperature of 50°C) and intro- 
duced into the coating chamber by hydrogen carrier gas, which also 
serves as a reductant, where it reacts with methane (CH4) introduced 
via a separate pipe. It should also be noted that although methane is 
a most widely used reactant other hydrocarbon species have been employed; 
namely, toluene 
(72,113) 
, benzene 
(25,36,54) 
, propane 
(23,35), 
n-heptane(36) 
ethane and i-pentane(23). In two other investigations 
(85,114) 
carbon 
tetrachloride (CCLt) has also been used. 
4.1 Effect of Substrate 
As mentioned earlier although the substrate to be coated is not 
strictly speaking a process parameter, it was considered that it would 
be useful to briefly review its effect on the chemical vapour deposition 
of TiC in this section. 
The substrate is known to influence the nucleation of TiC by virtue 
of factors such as its crystallographic orientation and the occurrence 
of grain boundaries and other surface defects 
(56), 
and also its morphology 
and surface composition 
(30,55,63), 
particularly the availability of 
carbon 
(56) 
and the presence of cobalt 
450,56,86,115) 
in the case of 
cemented carbide substrates. With regard to the latter, it is evident 
from the work cited above that increased cobalt content of cemented car- 
bide substrates significantly increases the rate of nucleation and initial 
growth of TiC during chemical vapour deposition. It has been suggested 
(115) 
that this may be due to the fact that carbon diffusion through the cobalt 
rich binder phase is almost fourteen times greater than through WC grains. 
In the case of steel substrates, Roser(30) has found that increasing 
carbon content increases the rate of chemical vapour deposition of TiC and 
that Ni and Co, which reduce the activation energy for carbon diffusion 
in steel at 10000C, also increase it. Conversely, the carbide forming 
elements (Cr, W, Mo, V and Ti), which increase the activation energy for 
50 
carbon diffusion in iron at 1000 C, were found to decrease the rate 
of deposition. 
It is also evident from previous investigations (see Section 2.7), 
that the type of substrate on which the coating is deposited can have 
a significant effect on the adhesion of chemically vapour deposited TiC 
coatings. With regard to the scratch test it was revealed that increasing 
the substrate hardness results in a corresponding increase in the critical 
load(99'101). Also the presence of interla ers in the upper Also, part of 
the substrate adjacent to the coating/substrate interface is thought to 
affect, though not always adversely, the quality of coating adhesion. 
In the case of a TiC coating chemically vapour deposited on a high 
chromium steel (DIN No. 1.2080) substrate, the appearance of an inter- 
layer (either Fe3C (cementite)or'(CrFe7) C3 ) coincided with an increase in 
the critical load 
(99). 
Although a difference in the local composition 
of the steel, thereby changing its mechanical properties and increasing 
its toughness, was offered as the most likely explanation for this increase, 
some effect from the interlayer could not be ruled out. In other work(1°° , 
poor coating adhesion was considered to be a consequence of oxidation of 
the surface of the substrate prior to coating. 
4.2 Effect of Deposition Time 
A relatively large amount of work has been carried out investigating 
the effect of deposition time on the growth of chemically vapour deposited 
TiC coatings on cemented carbide 
(32-34p64,65068,86,116-119) 
and steel 
substrates(23,30)' Before dealing with this work, however, it is 
necessary to first consider the role of the substrate and overall reactions, 
referred to earlier in the introduction. 
It is a generally, but not universally held view, that once nuclea- 
tion has been achieved, the growth of the TiC coating is initially controlled 
by the rate of carbon diffusion from the substrate (i. e. the substrate 
reaction) independent of the carbon activity in the reactor. At the start 
of this process carbon diffuses readily from the carbon-rich substrate 
resulting in rapid growth, but as this process continues, further diffusion 
of carbon is increasingly hindered by the growing TiC layer and the decrease 
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in the availability of carbon in the surface zone of the substrate. 
Consequently, the growth rate decreases until a point is eventually 
reached when the carbon activity of the gases in the reactor (i. e. the 
overall reaction) becomes rate controlling, at which point coating 
growth increases linearly with time due to the constant supply of the 
gaseous reactants. 
For the chemical vapour deposition of TiC by the substrate reaction 
alone, i. e. with no hydrocarbon gas present in the reactor, both Takahashi 
et al 
(23) 
and Lee and Chun 
(. 115) 
found a linear relationship between 
coating thickness/weight and the square root of the deposition time. They 
concluded, in agreement with the generally held view described earlier, 
that their results suggested that, for the substrate reaction, the rate 
determining process is a diffusion controlled one in the TiC coating or 
in the substrate, rather than a surface process. In addition, with hydro- 
carbon gas present in the reactor (overall reaction), other workers 
(30,68. 
86,116,117) 
have found an initial non-linear relationship between coating 
thickness/weight and deposition time, similar to that determined by Lee 
and Chun 
(-115) 
for the substrate reaction alone. Also in agreement with the 
generally held view described earlier, several workers 
(23,30,34,64,65,86,117) 
have established a linear relationship between coating thickness/weight 
and deposition time for the overall reaction. 
The effect of deposition time on preferred orientation of TiC coatings 
chemically vapour deposited on cemented carbide substrates by both the 
substrate 
(32,33) 
and overall 
(32-34) 
reactions has also been investigated. 
In the work by Lee et al 
32) 
and Lee and Chun 
(33), 
specimens were all 
coated at 1050°C and 1 atmosphere total pressure for various times, with 
no methane present for the substrate reaction and a CH4 to TiCl4 mole 
ratio for the overall reaction of 1.25. Using X-ray diffraction, it was 
found that the relative intensities of the reflections from the coatings 
deposited by both the substrate and overall reactions had almost the same 
values for the various deposition times investigated. Furthermore, com- 
parison of the experimental data for both the substrate and overall re- 
actions with that in the A. S. T. N. powder diffraction file 
(44), 
showed that 
the coatings had a random orientation. It could therefore be concluded 
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that deposition time has no significant effect on the preferred orienta- 
tion of chemically vapour deposited TiC coatings. However, this is in 
contrast to results obtained in an investigation by Breval(34), for TiC 
coatings deposited at 1000,1050 and 1100°C (at a total pressure of 6.7 KPa 
and a CHy/TiCl4 mole ratio of 1) for deposition times ranging from 10 
minutes to several hours (see Table 4.1). X-ray diffraction was employed 
to determine the relative intensities of the reflections from the coatings 
deposited and these were compared to those in the appropriate A. S. T. M. 
powder diffraction file. It was found that all the coatings exhibited 
slight preferred orientation of the {111} planes which remained unaffected 
by the deposition time, however, preferred orientations of the {220}, {113}, 
{222}and{400} planes, also present in the coatings, increased with 
increasing deposition time for all the deposition temperatures investigated. 
In addition, the coatings deposited at 1050°C and 1100°C exhibited preferred 
orientation of the {200} planes which also increased with increasing de- 
position time. Breval 
34) 
also noticed a tendency to increased surface 
grain size for the TiC coatings deposited over longer periods. 
A few workers have also investigated the effect of coating thickness 
on the adhesion of TiC coatings chemically vapour deposited on cemented 
carbide 
(34) 
and steel 
(99 
substrates and in both cases increased coating 
thicknesses were achieved by increasing the deposition time. For TiC 
coated steel (DIN No. 1.2080 X210 Cr 12 and DIN No. 1.2600 X205 Cr W Mo V 12 
substrates, as previously mentioned in Section 2.7, using either acoustic 
emission alone or by combining it with S. E. M. observations together with 
E. D. A. X. to investigate Fe and Ti distributions in the scratch channel, 
Hammer et al 
(99) 
determined the lowest load at which the onset of coating 
flaking occurred, this being taken as the critical load. It was observed 
for TiC coatings on the 1.2080 steel substrates, having a hardness of 58.5 
HRC (-680 HV), that increasing the coating thickness from -5pm to 15.51im 
corresponded to an increase in the critical load from '1.5kg to -6kg. 
Similarly, for the TiC coated 1.2600 steel substrates, having hardnesses of 
430,810 and 890 HV 10, increasing the coating thickness from -3pm to 
-14VM resulted in increases from -1kg to -3kg, -1.75kg to -4kg and -2 to 
-4.5kg in the critical load, respectively. Although the critical loads 
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determined for TiC coatings deposited on the steel substrates of lowest 
hardness (430 HV10), increased linearly up to the maximum coating thick- 
ness tested, those for the coated substrates of higher hardness (810 and 
890 HV10) became constant for coating thicknesses greater than -8pm and 
this was thought to be a limit imposed by the deformation of the steel. 
Breval(34) has also used the scratch test to investigate the effect of 
coating thickness on the adhesion of TiC coatings chemically vapour de- 
posited (at a total pressure of 6.7 KPa and CH4/TiC14 mole ratio = 1) on 
cemented carbide (86% WC1 2.5% TiC9 6% Ta(Nb)C, 5.5% Co) substrates at 
deposition temperatures of 1000,1050 and 1100°C. Using E. D. A. X. on an 
S. E. M. the critical loads required to cleanly strip the coatings from 
their substrates, were determined (see Section 2.7). The range of coating 
thicknesses investigated at'each temperature together with the deposition 
times employed, resulting critical loads and evaluated adhesion strengths 
(using equation 2"l in Section 2.7) are summarised in Table 4.1. In agree- 
ment with the work by Hammer 
(99) 
described earlier, it is evident from this 
table, that in general, increasing the TiC coating thickness causes a 
significant increase in the critical load and hence the adhesive strength 
of the coating. This effect is most pronounced for coatings deposited at 
the lowest temperature (1000°C) where an increase in coating thickness 
from 1.0 to 2.5pm resulted in an almost fourfold increase in the adhesive 
strength of the coating, from 1000 to 3700 MPa. 
It is interesting to note, that in an investigation by Perry 
(102) 
primarily concerned with the assessment of the adhesion of TiC coatings 
(see Section 2.7), microhardness measurements made across the scratch 
channels on TIC coatings chemically vapour deposited on a 2% Ledeburitic 
tool steel (DIN No. 1.2080; X210, Cr 12) by the substrate and overall 
reactions, revealed that the microhardness of these coatings were 3300 
and 2500 kg MM -2 HV0. OS- respectively. 
4.3 Effect of Deposition Temperature 
Several workers have investigated the effect of deposition temperature 
on the growth of TiC coatings chemically vapour deposited on cemented 
carbide 
(25132-35964,72,116) (23) 
and steel substrates. In all cases it was 
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found that increasing temperature caused an increase in the deposition 
rate and that an Arrhenius type relationship exists between deposition 
rate and temperature, i. e. graphs of Loge deposition rate versus the 
reciprocal of deposition temperature were found to be linear with a 
negative slope, from which values of activation energy were calculated. 
For the substrate reaction, Lindstrom and Amberg(116) quote an 
activation energy of 109 KJ mol-1 (26 Kcal mol-1) for TiC chemically 
vapour deposited on a cemented caribde substrate, as compared to values 
of 59 - 117 KJ m6l 
1 (14-28 Kcal)mo17 1)' calculated by Lee and Chun 
(115) 
depending on the cobalt content of the cemented carbide substrate, and 
values of 80 - 126 KJ mol-1 (19-30 Kcal mol 
1) 
calculated by Hara et al 
(118) 
depending on the carbon content of the cemented carbide substrate. In 
the latter case 126 KJ mol-1 appears to represent an upper limit to the 
activation energy with no further increase observed in its value for 
carbon concentrations exceeding 6.20%. For TiC chemically vapour deposited 
on a steel substrate, Takahashi et al 
(23) 
calculated an activation energy 
of 201 KJ mol 1 (48 Kcal mol 
1) which they comment is supposed to be that 
for carbon diffusion in TiC. For the overall reaction, activation energies 
for TiC coatings chemically vapour deposited on cemented carbide substrates 
of 184(115), 276(64), 358(118), 373(116) and 335(34) KJ mol-1 have been 
calculated when methane was employed as the hydrocarbon source, as com- 
pared to values of 352 - 393(72), 151(25) and 126(35) KJ mol-1 when toluene, 
benzene and propane respectively were used. It was further noted by 
Rossignol et al(120) , for the 
C. V. D. of TiC on a graphite substrate, by 
the overall reaction, that the activation energy was 419 KJ mol-1 (100 Kcal 
mol 1) when deposition temperatures less than 1223K were employed, compared 
to -84 KJ mol-1 (20 Kcal mol 
1) 
when greater temperatures were used. They 
concluded in accordance with suggestions made elsewhere 
( 72912 1,122), 
that 
two mechanisms govern the TiC C. V. D. kinetics; for deposition temperatures 
below 1223K, the rate limiting step in the process and hence the high 
activation energy is probably related to the decomposition of CH4 molecules 
adsorbed on the graphite surface, since it has already been established 
that the activation energy for the pyrolytic decomposition of CHy is 
431 KJ mol-1 (103 Kcal mol-1) 
(123) 
(c. f. 419 KJ mol 
1(120)). Above 
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1223 K it was suggested that the rate limiting step is most likely due 
to diffusion of gaseous species to the substrate surface resulting in 
a much lower temperature dependence and hence a lower activation energy. 
In contrast to the situation for coating growth, few researchers 
have studied the effect of deposition temperature on the crystal structure 
of chemically vapour deposited TiC coatings. Of these investigations its 
effect on the preferred orientation of TiC coatings deposited by both the 
substrate 
(32-34) 
and overall(23132-35) reactions has been studied, but 
only one case is concerned with TiC coatings on steel substrates 
(23) 
with 
the rest referring to TiC coatings on cemented carbide substrates. However, 
the effect of deposition temperature on the surface grain structure of 
chemically vapour deposited TiC coatings has been investigated more 
extensively(32-35,84,115) 
Using X-ray diffraction, and comparing the data obtained with that of 
the A. S. T. M. powder diffraction file(44), Lee et al 
32,33) 
found that, 
for the coatings deposited by the substrate reaction (at 1 atmosphere for 
150 minutes), random orientations were obtained for deposition temperatures 
of 1050,1100 and 1150°C, whilst the coating deposited at 1000°C 
exhibited preferred orientation of the {111} planes. Similarly, for a 
deposition temperature of 1000°C, Breval(34) also found preferred orienta- 
tion of the {111} planes in TiC coatings deposited by the substrate re- 
action (at a total pressure of 6.7 KPa for 60 minutes and with the TiCl4_ 
reactant gas comprising 4 volume % of the total flow). For the coatings 
deposited by the overall reaction (at 1 atmosphere for 150 minutes with 
a CH4/TiCl4 mole ratio of 1.25), Lee et al 
(32#33) 
observed random orienta- 
tions at a deposition temperature of 1050°C. The coatings deposited at 
1000°C exhibited preferred orientation of the {111} planes, whilst those 
deposited at 1100°C and 1150°C both exhibited preferred orientation of 
the {220} planes. As indicated earlier in Section 4.2, Breval(34) found 
that substantial preferred orientations existed on TiC coatings deposited 
by the overall reaction (at a total presssure of 6.7 KPa and a CH4/TiC14 
mole ratio of 1) at temperatures of 1000,1050 and 1100°C. Whilst the 
more common preferred orientations of the {111) and {220} planes were 
observed for coatings deposited at all three temperatures with additional 
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preferred orientations of the {200} planes found in coatings deposited 
at 1050°C and 1100°C, more unusual preferred orientations of the {113}, 
{222} and {400} planes were also noted for coatings deposited at all the 
deposition temperatures investigated. In work by Baik et al(35), texture 
coefficients were calculated from X-ray data to determine the preferred 
orientation of TiC coatings chemically vapour deposited using propane 
as the hydrocarbon source. From their values it is evident that the 
coatings deposited at 950°C exhibited preferred orientation of the {200} 
and {222} planes, and whilst the former generally increased with tempera- 
ture the latter was found to decrease. Unfortunately, in this investiga- 
tion, certain process parameters, including the argon flow rate and H2 
flow rate, were not maintained constant for the temperatures employed and 
their effect' has not been unequivocally established. In addition, two 
different inlet gas nozzles (see Section 4.6) were used, hence the results 
must be treated with some caution. It is relevant to mention here, that 
as previously noted in Section 2.1, Takahashi 
(23) 
employed X-ray diffraction 
to determine whether any preferred orientation was present in TiC coatings 
chemically vapour deposited at 950°C on steel substrates. A comparison 
of the data obtained with that of the A. S. T. M. powder diffraction file 
revealed that the coatings exhibited preferred orientation of the {220) 
planes. 
With regard to surface grain structure Lee et al 
(32133#115) 
found that 
at a deposition temperature of 1000°C fine, equi-axed grains were visible 
but as the deposition temperature was increased, there was, in general, an 
increase in grain size and a change in the shape of the grains from equi-- 
axed to elongated. They suggested that these changes were the result of 
increasing deposition temperature causing a decrease in supersaturation 
of the reactant. Both Subrahmanyam(84) and Baik et al 
(35) 
also found 
that the grain size of chemically vapour deposited TiC on cemented carbide 
substrates was finer at lower deposition temperatures and they too suggested 
that this was due to the relationship between supersaturation and tempera- 
ture. In the latter work sharp angular grains -gum in size were found at 
the surface of TiC coatings deposited at 950°C (H2 flow rate = 200 ml min-' , 
argon flow rate= 500 ml min 
1, PTiC14/H2- 0.09 and CH4/TiCl4 mole ratio = 
1.25) whilst coatings deposited at 1200°C showed much coarser, more rounded 
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surface grains -5 to -10}ßm in diameter. Baik et a1(35) further added 
that the surface diffusivity of the reacting species, which increases 
as an exponential function of deposition temperature, increases the 
capture radius of adsorbed molecules at the nucleation site causing 
exaggerated growth at higher temperatures. In contrast to the previous 
findings, it was stated by Breval(34) in an investigation of TiC coatings 
chemically vapour deposited on cemented carbide substrates, that increas- 
ing the deposition temperature causes a decrease in the TiC grain size 
and data presented appear to support this conclusion. However, S. E. M. 
micrographs showing the surface of TiC coatings deposited at-1000 and 
1100°C (at a total pressure of 6.7 hTa and a CH4/TiCl4 mole ratio of 1) 
cast some doubt on this view. In the former, the TiC coating surface 
can be seen to consist of well rounded equi-axed grains -0.5um in diameter 
whereas the latter shows clearly the existence of isolated patches of well 
crystallised TiC grains, -2pm in diameter. It is also interesting to note 
that the surface of a coating deposited at 1050°C, for a deposition time 
of only 10 minutes (at a total pressure of 6.7 KPa and a CH4/TiCl4 mole 
ratio of 1), consists of an array of 'hills' and 'valleys' of the order 
of 5-10pm across, which appear to be made up of much finer grains 
typically 0. lum in diameter. It is felt, given the short deposition time 
employed, that the morphology observed is typical of a coating deposited 
by the substrate reaction. 
A few workers 
(32-35) 
also investigated the effect of deposition 
temperature on the microhardness of TiC coatings chemically vapour 
deposited on cemented carbide substrates. Lee et al 
(32,33) 
found that 
the microhardness of the TiC coatings decreased with increasing temperature 
and suggested that this was a consequence of the aforementioned changes 
in grain size and shape. Seemingly in contradiction with this trend are 
the results presented by Baik et al(35), which revealed, for coatings 
deposited at temperatures ranging from 1050°C to 1175°C (at a H2 flow rate 
of 200 min 
1, pTiC14/? 
H2- 
0.09 and a CH4/TiCly mole ratio of 1.25), that 
the Vickers microhardness (using a 50g load) rose from 2000 to 2550 kg mm-2. 
However, other coatings deposited at 1200°C, under the same conditions, 
had microhardness values of 370 kg mm 
2 whilst coatings deposited at 950 
and 1000°C,, under rather different conditions, exhibited values around 
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3500 kg mm 
2. In an investigation by Breval 34) the Vickers micro- 
hardness was determined for TiC coatings deposited at 1000,1050 and 
1100°C (at a total pressure of 6.7 k R6 and a CH4/TiCl mole ratio 
of 1). Whilst the coatings deposited at 1000°C and 1100°C were found 
to have a microhardness of -2000 kg mm-2 , those deposited at 1050°C 
exhibited a microhardness of -2500 kg mm 
2. 
Such contrasting results are not altogether surprising given the 
difficulties associated with the microhardness measurements of such 
extremely thin coatings, the values of which are particularly sensitive 
to other physical properties of the coating (see Section 2.6). 
4.4 Effect of CH4/TiCl4 Mole Ratio 
Investigations have been carried out into the effect of the CHy/TiCly 
mole ratio during the chemical vapour deposition of TiC on the following: 
deposition rate(35,64,72,116-118) crystal structure(32,33,115), coating 
microhardness 
(64,72) 
, the formation of 71-phase 
in cemented carbide 
substrates adjacent to the coating/substrate interface 
(64p65) 
and coating 
composition(85,114). With the exception of the latter work cited all the 
investigations refer to TiC coatings deposited on cemented carbide 
substrates. 
Lindstrom and Amberg(116) found, for deposition temperatures of 
1020°C and 1060°C, that increasing the volume % of CHy from 0-4% t. e 
-increasing the CH4/TiCl4 mole ratio from 0 to 1 resulted in an increase 
in the rate of deposition which was more marked at the higher deposition 
temperature. A similar result was obtained by Stjernberg et a1(117) and 
Lee and Richman 
(72) 
at deposition temperatures of 1000 and 1050°C res- 
pectively. In both cases, however, insufficient information was quoted 
to allow actual values of CHy/TiCl4 mole ratio to be calculated. Lee and 
Richman actually effected the increase in CHy/TiCl4 mole ratio in their 
work by increasing the CHy flow rate whilst keeping that of the TiC1y - 
saturated hydrogen carrier gas constant, and it is interesting to note 
that when the former exceeded 35% of the latter, X-ray diffraction analysis 
indicated the presence of some free graphite in the TiC coating. More 
detailed studies on the effect of CHy/TiCl4 mole ratio on deposition rate, 
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than those previously quoted, were conducted by Cho and Chun 
(64) 
and 
Baik et al(35). The former workers showed, fora deposition temperature 
of 1050°C, that as the mole ratio was initially increased from zero, 
by increasing the CH4 flowrate, the deposition rate increased, reaching 
a maximum at a CH4/TiC14 mole ratio of -3, and then decreased with 
further increase in mole ratio up to a maximum of -4, at which point 
the rate of deposition was approximately ten times greater than that 
corresponding to a CHy/TiCly mole ratio of zero. In contrast, for a 
deposition temperature of 950°C (at a H2 flowrate of 200 ml min-1) Baik 
et al showed that the deposition rate increased almost linearly for 
increases in CHk/TiCl4 mole ratio from 0.4 to 1.6 with any further increase 
resulting in a dramatic decrease in the deposition rate. They concluded 
that this decrease was a result of the production of amorphous carbon soot 
in the gas phase which interrupted the TiC formation on the substrate. 
It has been indicated, albeit indirectly, that the CH4 flow rate influences 
the heterogeneous reaction on the substrate and the homogeneous reaction 
in the gas phase(124). Cho and Chun(64) suggested that, in their work, 
the heterogeneous reaction on the substrate was mainly the controlling 
mechanism at CH4/TiCly mole ratios less than 3, with homogeneous reaction 
in the gas phase the controlling mechanism at mole ratios greater than 
this, and that the decrease in deposition rate observed in their work at 
CHy/TiCl4 mole ratios greater than 3 was probably due to the presence of 
excess CHy. The trend of the results obtained by Cho and Chun suggests 
that if the mole ratio had been increased to even higher values there 
would have been a further decrease in deposition rate, and this is to 
some extent corroborated by the work of Hara et al 
(118) 
who showed that 
an increase in the CH4/TiC14 mole ratio from 0 to 9, at a deposition 
temperature of 1025°C, leads to only a doubling of the deposition rate. 
With regard to preferred orientation, Lee et al 
32,33) 
found, for 
TiC coatings chemically vapour deposited at 1050°C and 1 atmosphere for 
150 minutes, that random orientations were obtained for CHy/TiCly mole 
ratios of 0,0.6 and 1.25, whilst for higher mole ratios of 2.5 and 5.0 
the coatings were found to exhibit preferred orientation of the {111} 
planes which increased in intensity as the CH4/TiCl4 mole ratio was 
increased. By examination of the surface grain structure of the TiC 
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coatings, Lee et al 
32,33) 
also established that increasing the CHy/TiCly 
mole ratio results in a decrease in grain size. They concluded that 
this is indicative of a high CH4/TiC14 mole ratio introducing a high 
concentration of hydrocarbon which increases the degree of TiC14 super- 
saturation, and that with an increased degree of supersaturation the 
nucleation rate is increased producing a finer grain structure. A similar 
relationship between supersaturation and nucleation rate has been 
(124) 
reported by Bryant 
In addition to their investigation of the effect of CHq/TiCl4 mole 
ratio on deposition rate, referred to earlier, Cho and Chun 
(64) 
also 
investigated its bffect on the microhardness of TiC coatings. They found 
that for CHy/TiCly mole ratios less than 3 the microhardness of the TiC 
coatings increased as thickness increased with increasing CH4/TiCly mole 
ratio, but that for mole ratios greater than 3, microhardness decreased. 
It was also established that, for the same coating thickness, the micro- 
hardness of the TiC coatings deposited at CHy/TiCl4 mole ratios less 
than or equal to 3, was higher than that of the coatings deposited at 
CH4/TiC1y mole ratios greater than 3. Cho and Chun suggested that the 
decrease in coating microhardness for CHy/TiCly mole ratios greater than 
3 was the result of powder formation of the coating layer by the homo- 
geneous reaction(64). Lee and Richman(72) also found an increase in the 
microhardness of TiC coatings with increasing CH4/TiCly mole ratio, 
although, as previously stated, they did not provide sufficient informa- 
tion to allow actual values of the CH4/TiCl4 mole ratios they used to be 
evaluated. Two possible reasons for the increase in microhardness were 
suggested. First, it is known that TiC is usually sub-stoichiometric with 
respect to carbon, and according to Williams and Lye 
(125) 
the hardness of 
TiC increases linearly as the carbon defficiency decreases. Second, as 
previously noted, a higher CH4/TiCl4 mole ratio increases the degree of 
TiCly supersaturation which in turn increases the nucleation rate, 
producing a finer grain structure, as already noted, this would be expected 
to cause an increase in microhardness. 
From optical, examination of sections through cemented carbide sub- 
strates coated with TiC at 1050°C using different CH4/TiC14 mole ratios, 
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Chq and Chun 
(64) 
established that with a CHy/TiCl4 mole ratio of 1.0, 
a layer of p-phase, approximately 8-9pm thick, existed between the 
cemented carbide substrate and the TiC coating. However, with an 
increase in the CH4/TiCly mole ratio, the thickness of this layer of 
TI-phase was found to gradually decrease, eventually disappearing al- 
together at a CH4/TiC14 mole ratio of 3.0, but'reappearing at higher mole 
ratios. Cho and Chun could offer no explanation for this reappearance. 
Lee and Chun 
(65) 
similarly found the thickness of the layer of TI-phase 
between cemented carbide substrates with differing cobalt contents and 
TiC coatings deposited at 1050°C, to decrease with increasing CHy/TiC14 
mole ratio. However, in their work, the layer of fl-phase was found to 
disappear at a CHy/TiCl4 mole ratio of 1.25. Lee and Chun suggested that 
the amount of f-phase may be controlled by the carbon activity of the 
reactant gas. 
Finally, using chemical analysis and energy dispersive X-ray analysis 
on an E. P. M. A. Nicki and Reichle(ß5) and Nicki et al 
(114) 
investigated 
the effect of CC1q/TiCly mole ratio on the composition of TiC coatings 
chemically vapour deposited on graphite substrates. It was found using 
deposition temperatures of 1215,1425 and 1640°C (at a total pressure of 
715 ± 15 Torr) that increasing the CCl4/TiCly mole ratio from 0 to 10 
caused an increase in the stoichiometry of the TiC coatings; coatings 
with a formula of TiC 1.0 being deposited at a CCly/TiCly mole ratio of 
1.0. Sub-stoichiometric (C/Ti atom ratio"< 1) and hypo-stoichiometric 
(C/Ti atom ratio >1) coatings were deposited at CC14/TiC14 mole ratios of 
less than and greater than 1.0, respectively. The deposition tempera- 
tures employed during coating were found to have little effect on the 
coating composition. It was also established that the layers of the TiC 
coatings adjacent to the coating/substrate interface had a higher 
stoichiometry than the outer layers and this was attributed to carbon 
diffusion from the substrate. 
4.5 Effect of Pressure 
Only a few researchers have carried out investigations into the 
effect of pressure on the chemical vapour deposition of TiC. In this 
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work, the effect of both partial pressure on deposition rate(116) 
microhardness(36) and surface grain structure 
(120) 
and total pressure 
on deposition rate 
(116,117,120) 
and crystal structure 
(32033,115) 
have 
been studied. Apart from the work by Rossignol et al 
(120) 
in which a 
porous carbon substrate was employed, all the TiC coatings in the 
investigations cited were deposited on cemented carbide substrates. 
In their work, Lindstrom and Amberg(116) established that, at a 
deposition temperature of 1020°C, increasing the partial pressure of 
methane from 0 to 7 torr produced a continuous increase in deposition 
rate. At a deposition temperature of 1060°C however, the deposition 
rate was found to increase to a maximum at a methane partial pressure of 
3 torr and then decrease at higher partial pressures. With regard to 
the total pressure, Lindstrom and Amberg interpreted their results as 
indicating that, for the substrate reaction, the rate of deposition is 
independent of total pressure, whilst for the overall reaction there is 
a slight increase with increasing total pressure. A similar increase in 
the deposition rate was also observed by Stjernberg et al 
(117) 
and 
Rossignol et al(120). Whereas the former workers found that a ten fold 
increase in total pressure caused a 25% increase in the average coating 
growth rate (Jim h 
1), the latter researchers observed increases in the 
deposition rate from 0.008 to 0.03 mg h 
1, for an increase in total pressure 
from 0.03 to 0.2 atmospheres (PTiCl = 1.5 x 20-2 atmospheres and PH2/PCH 
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pressure ratio = 11), for coatings deposited at 1223K. 
For TiC coatings chemically vapour deposited at 1050°C for 150 minutes 
with a CHy/TiCly mole ratio of 1.25, Lee et al 
(32,33) 
found that varying 
the total pressure from 0.25 to 1.0 atmosphere had virtually no effect 
with regard to preferred orientation of the coatings. However, from an 
examination of the surface grain structure of the coatings 
(32#33pll5) 
it 
was concluded that a reduction in grain size occurs when the total pressure 
is decreased and that this causes a significant increase in microhardness(32' 
33)' (115) 
It was suggested that the decrease in grain size results from 
an increase in the nucleation rate brought about by the decrease in total 
pressure. A coarsening of surface grains has also been effected by Ross- 
(120) 
ignol et a1 by increasing the CH4 partial pressure for TiC coatings 
0 
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deposited at 1600K and a total pressure of 0.033 atmospheres, however, they 
also noted that crystal growth could be disturbed by carbon deposits 
which occur as the methane partial pressure increases. 
Only Leonhardt (36) has conducted a detailed investigation of the 
effect of the PH/PTi pressure ratio on the microhardness of chemically 
vapour deposited TiC coatings having a minimum thickness of 15im. In 
this work, the Vickers microhardness was determined on the surface and 
cross-section of the coatings using a 50g load with a loading time of 
30s; the direction of penetration of the hardness indenter being normal 
and parallel to the coating/substrate interface, respectively. It was 
found, for coatings deposited using either benzene or n-heptane as the 
hydrocarbon source (at a linear-flow rate of 7.0 cm s-1 and Pc/PTi =3 
(for benzene), Pc/PTi =1 (for n-heptane)) that whilst the microhardness 
measured on the coating surface increased significantly with increasing 
PH/PTi, that measured on the coating cross-section decreased to a con- 
siderably smaller extent, with the latter values always greater than the 
former. It was suggested that the small decrease observed in micro- 
hardness values measured on the coating surface, at the higher PH/PTi 
pressure ratios, was a result of stoichiometry changes occurring in the 
coating. Further, since the bulk grain structure found in some of the 
coatings consisted of needle like grains oriented normal to the coating/ 
substrate interface, it was felt that the lower microhardness values 
measured on the coating surface was a result of most grain boundaries 
lying parallel to the penetration direction of the Vickers indenter, with 
the increases observed with PH2/PTi pressure ratio reflecting changes in 
the coating crystal structure. 
4.6 Effect of Other Process Variables 
In addition to the major process parameters dealt with previously 
in this section, the effect of hydrocarbon species 
(23,36), 
presence of 
oxygen during coating(34), position of the substrate in the coating re- 
aI ctor(23,35) total ilowrate(34,35,116) (35) , argon flowrate and the inlet 
HCl concentration 
(117) 
have also been investigated and will be dealt with 
here. 
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As previously described in Section 4.3, Lee and Richman 
(72) 
calculated an activation energy of 352-393 KJ mol-1 (84-94 Kcal mol- 
for the chemical vapour deposition of TiC on cemented carbide substrates 
by the overall reaction, -, using toluene as the hydrocarbon source. They 
noted that this value agrees reasonably well with the reported activation 
energy of 377 KJ mol-1 (90 Kcal mol 1) for the pyrolytic decomposition of 
carbon from toluene 
(126) 
and commented that this may mean that, within 
the surface controlled region, it is the dissociation of carbon from 
hydrocarbon molecules rather than the adsorption and desorption of the 
reactant and product gases that is the rate controlling step. If this is 
the case then different hydrocarbon gases should show different TiC de- 
position activation energies equivalent to their dissociation energies, 
and hence should lead to differences in deposition rate. The effect of 
the hydrocarbon species used in the chemical vapour deposition has been 
investigated by Takahashi et al(23). They found that the use of alkanes 
such as i-pentane, propane and ethane resulted in high deposition rates, 
whilst the use of methane and carbon monoxide resulted in very low rates, 
with alkenes such as ethylene occupying an intermediate position. Since 
the reported activation energy of pyrolytic graphite decomposition from 
propane and methane is 117 KJ mol 
1 (28 Kcal mol 1)(127) and 431 KJ mol-1 
(103 Kcal mol-1) 
(123) 
respectively, it would appear at first sight that 
the results obtained by Takahashi et al substantiate the hypothesis made 
above. However, they also found that the rate of deposition is lower 
with propane than with ethane and the reported activation energy of the 
pyrolitic decomposition of graphite from ethane is 301 KJ mol-1(72 Kcal 
mol 1)(128). It would therefore seem that more study is required in this 
area. 
In contrast, Leonhardt et al 
36) 
directed their attention to the 
effect of hydrocarbon species on the preferred orientation and micro- 
hardness of TiC coatings chemically vapour deposited on cemented carbide 
substrates. For this purpose benzene and n-heptane were employed as carbon 
sources, at a deposition temperature of 1350K, a linear flow rate of 7.0 cm 
s together with Pc/PTi pressure ratio of 3 and 1 for benzene and n- 
heptane respectively. Using the reflection method described by Schulz(129) 
to investigate the texture of the coatings, it was found that when benzene 
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was used as the carbon source, the TiC coatings exhibited preferred 
orientation of the {111} planes as compared to the {200} planes when 
n-heptane was used. In further studies, &a, the width of these 
reflections at half peak height, were found to decrease with increased 
coating thickness, this decrease being initially rapid until a coating 
thickness of the order of 5-7um was reached after which the decrease in 
Aa was less marked. Leonhardt et al(36) concluded that in the initial 
growth stage the orientation of the coating is random or poorly developed 
and since a distinct texture (small Aa) is only observed for thicker 
coatings (>5 to zum) the texture is induced by crystal growth. In 
addition, microhardness measurements made on the surface and cross-section 
of coatings not less than 151im thick revealed that considerably higher 
coating hardnesses could be achieved when using n-heptane, as opposed to 
benzene, as the hydrocarbon source. (The effect of PH/PTi pressure ratio 
on coating microhardness, when benzene and n-heptane are the carbon 
sources used, was more suitably discussed in Section! }-. 5). 
Only Breva1(34) has investigated the effect of oxygen on the thick- 
ness, microhardness, crystal structure and adhesive strength of TiC 
coatings chemically vapour deposited on cemented carbide substrates. All 
the TiC coatings employed in this study were deposited at a temperature 
of 1000°C for a coating time of 8 hours (at a total pressure of 6.7 KPa and 
CH4/TiC14 mole ratio = 1) with oxygen introduced in one of two forms; 
as a relatively pure gas comprising 0.1 vol. % or air comprising 0.5 vol. % 
of the total flow. Whilst the former was supplied in separate coating runs 
both 10' minutes before and 1 hour after TiC deposition, the latter was 
only supplied-10 minutes . 
before the deposition of TiC. In general it 
was found that the TiC coatings thus produced were thickgr, less hard and 
exhibited a lower adhesive strength when compared to coatings deposited 
under similar conditions without oxygen present. 
With regard to preferred orientation, all the coatings deposited in 
the presence of oxygen exhibited structures which deviated considerably 
from that indicated for randomly oriented TiC in the A. S. T. M. powder- 
diffraction file, with slight {111} and somewhat stronger {220} preferred 
orientations mainly in evidence. Perhaps more significant, with respect 
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to the effect of oxygen, was that TiC coatings deposited in the presence 
of 0.1 vol. % oxygen supplied 10 minutes prior to coating, exhibited 
a structure which deviated most from coatings deposited under similar 
conditions in the absence of oxygen with the {200} reflection com- 
pletely absent in the former case. 
Using a laboratory scale reactor, Takahashi et al 
(23) 
found that 
the weight of TiC deposited on a substrate varied significantly with 
its position in the coating reactor. They suggested that this may be 
due to variation of titanium subchlorides, or to the state of unstable 
hydrocarbons or of soot formed by the thermal decomposition of propane 
(the hydrocarbon used). Their findings are corroborated to some extent 
by the work of Baik et al(35), in which it was observed that, introducing 
the reactant gases through short and long nozzles situated 15 and 5cm 
apart, respectively, from the substrates to be coated (thereby changing 
their relative position) affected the TiC deposition rate. 
With regard to total flow rate, Lindstrom and Amberg(116)concluded 
from their work that when sufficient amount of reactants are supplied, 
the influence of total flow rate on C. V. D. of TiC is small. However, 
Baik et al 
(35) 
found when introducing the reactant gases through a long 
nozzle (see previous paragraph) at a deposition temperature of 900°C and 
950°C (at constant reactant gas partial pressures), that increasing the 
total flow rate from -100 to -550 ml min 
1 resulted in a four and seven- 
fold increase in the deposition rate respectively. Clearly there is a 
contradiction here which requires further work to resolve it. 
In addition, Baik et al 
35) 
also observed considerable differences 
in the surface morphology of TiC coatings deposited at different total 
flow rates, using the short and long reactant gas feed nozzles. Employing 
the short nozzle at a total flow rate of 165 ml min 
1, it was found that 
cemented carbide substrates used for coating were not completely covered 
with TiC due to the depletion of reactants, however, at the higher total 
flow rate of 550 ml min 1, TiC growths were observed to protrude a con- 
siderable distance from the substrate surface. It was concluded that 
these protrusions form as a result of TiC nucleating in the gas phase and 
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subsequently growing or agglomerating onto the substrate i. e. homo- 
geneous nucleation in the gas phase results in a rough coating surface. 
It was further stated that when the flow velocity and reactant gas 
supersaturation are great enough, the flux of reactant gas molecules 
impinging on the substrate, is inversely proportional to the boundary 
layer thickness (conceptual layer of stagnant gas adjacent the sub- 
strate surface, which although physically unrealistic provides a useful 
basis for modelling the C. V. D. process). Consequently the flux of 
molecules colliding with the tip of an asperity is higher than at a 
point further down the asperity resulting in faster growth at its tip. 
Baik et al 
(35) 
also investigated the effect of diluting the reactant 
gases with argon during the C. V. D. of TiC on cemented carbide substrates. 
It was found, that an increase in argon flow rate from 0 to 100 ml min 
1 
caused a slight decrease in the deposition rate (deposition temperature = 
950°C, H2 flow rate = 200 ml min 
1, C/Ti mole ratio = 1.25 and TiCly flow 
rate = 19.8 ml min when using the long nozzle, but, a dramatic increase 
in the deposition rate when using the short nozzle. Any further increase 
in the argon flow rate in the latter case caused an equally dramatic 
decrease in the deposition rate. More surprisingly, it was found from 
studying the TiC coating surface morphology, that increasing the argon 
flow rate appears to cause a high degree of crystallinity in the coatings. 
This was suggested to result from the presence of argon effectively 
reducing the flux of reactant molecules impinging on the substrate, there- 
by increasing the distance diffused by molecules adsorbed on the active 
substrate surface. 
Finally, Stjernberg et al 
117) 
investigated the effect of HCl con- 
tent on the rate of deposition of TiC coatings chemically vapour deposited 
on cemented' carbide substrates. It was found that increasing the HCl 
concentration reduces the rate of TiC deposition and this was considered 
to reflect the ease at which HC1 can adsorb onto the substrate surface, 
thus hindering adsorption of other reactants i. e. HCl acts as an inhibitor 
during the C. V. D. of TiC. 
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CHAPTER 5 
EXPERIMENTAL WORK AND RESULTS - EFFECT OF PROCESS 
PARAMETERS ON C. V. D. OF TiC COATINGS ON P. M. 
BT42 GRADE H. S. S. INSERTS 
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5.0 EXPERIMENTAL WORK AND RESULTS - EFFECT OF PROCESS PARAMETERS 
ON C. V. D. OF TIC COATINGS ON P. M. BT42 GRADE H. S. S. INSERTS 
It was apparent from the earlier characterisations of TiC coatings 
chemically vapour deposited (under the standard conditions employed 
by Edgar Allen Tools) on P. M. BT42 grade H. S. S. inserts both before and 
after the obligatory H. S. S. substrate heat treatment (see Sections 3.2 
and 3.3), that some of the coating characteristics were different to 
those discussed in the literature. In addition, a considerable number 
of previous investigations, clearly show that the TiC coating character- 
istics are affected by C. V. D. process parameters. Consequently, as 
mentioned at the end of Chapter 3.0, the second part of the present exper- 
imental work is concerned with a study of the effect of process parameters 
on the C. V. D. of TiC coatings on the P. M. BT42 grade H. S. S. inserts and 
is described in the following chapter. Since it is evident from the results 
of the previous, -work described in the preceding chapter that-the-major 
parameters affecting coating characteristics are the CH4/TiCl4 mole 
ratio and the deposition temperature, it was decided that the effect of 
these two process parameters would be investigated in the present work. 
With reference to the previous work on these two process parameters (see 
Sections 4.3 and 4.4), CHy/TiCly mole ratios of 0,1,2,3,4 and 5 were 
selected for investigation at a constant deposition temperature of 1050°C, 
whilst deposition temperatures of 1000,1050,1100 and 1150°C were 
selected for investigation at a constant CHy/TICly mole ratio of 3. 
Ir was decided that the desired range of CH4/TiCl4 mole ratios could 
most simply and easily be achieved by changing the flow rate of the CH4 
reactant gas whilst maintaining the amount of TiCly used at a constant 
level. On its own, however, a change in the CH4 flow rate would have 
caused changes in the total flow rate of the reactant plus carrier gases, 
and the effect of this on the C. V. D. of the TiC coatings has not yet been 
fully established (see Section 4.6). Consequently, the flow rate of the 
H2 gas which was not bubbled through the TiC1y was adjusted to ensure that 
the total flow rate remained constant at a value of 4230 1 hr-1 (equal to 
the total flow rate under the standard deposition conditions used by Edgar 
Allen Tools - see Table 3.2). 
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Trial coating runs carried out using reactor number 4 of the Plansee 
plant at Edgar Allen Tools (i. e. the reactor to be used for the inves- 
tigations into the effect of CH4/TiC14 mole ratio and deposition temper- 
ature) revealed that for a constant TiCl4 , bath temperature of 50°C and 
a constant flow rate of H2 carrier gas bubbling through the TiC14 of 
1875 1 hr-1 (standard deposition conditions used by Edgar Allen Tools 
- see Table 3.2), the average amount of TiClq used during the one hour 
coating period was 850g. This figure was therefore used to calculate the 
values of CHy flow rate required to give the desired range of CHy/TiCly 
mole ratios. These calculated values are shown in Table 5.1 and an 
example of the manner in which they were calculated is presented in 
Appendix 1 at the end. of the present work. 
The as-sintered BT42 grade H. S. S. inserts used in the investigations 
were taken from the batch prepared exclusively for this entire research 
programme by Edgar Allen Tools, using their normal production procedure 
(see Section 3.1.1). Prior to coating they were ground on their rake 
(top) and bottom surfaces and then tumbled to remove any burrs resulting 
from the grinding operation. The inserts were then coated with TiC in 
batches of 50, for one hour, using the appropriate values of gas flow rates 
and deposition temperature as specified in Table 5.2. All the coating 
runs were carried out in reactor number 4 of the Plansee plant utilising 
only level 2; the procedures for heating to and cooling from the required 
deposition temperature being kept the same as those normally used by 
Edgar Allen Tools (see Table 3.2). During each coating run, readings were 
taken at 5 minute intervals of CHy and H2 inlet gas pressures; TiCly bath 
temperature; CHq, H2 and H2 (TiCl4) gas flow rates, and reactor tempera- 
ture (from the top, middle and bottom temperature controllers, from the 
chart recorder and from a digital thermometer). If any deviations from 
the desired values were noted, they were immediately compensated for. 
With regard to reactor temperature, the reading of the digital thermometer 
was taken as indicating the actual deposition temperature. All of the 
readings taken during each coating run are shown in Appendix 2 at the end 
of the present work. Finally, at the end of each coating run the amount 
of TiC14 which had been used was determined by weighing, and the value 
thus obtained used, together with the CH, gas flow rate, to calculate the 
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actual CHy/TiCly mole ratio achieved, using the procedure illustrated 
in Appendix 3 at the end of the present work. These values are 
shown in Table 5.3. 
As described below, the inserts obtained from the nine coating 
runs carried out (only one run was carried out with a CH4/TiCl4 mole 
ratio of 3 at a deposition temperature of 1050°C, since these deposition 
conditions are common to both investigations) were then characterised, 
using essentially the same procedures devised by Whittle 
(15) 
and des- 
cribed in detail in Section 3.2, in order to determine the effect of 
the variations in both CH4/TiCl,, mole ratio and deposition temperature. 
Two points should, however, be noted. First, only the TiC coating on 
the rake face of the inserts was characterised. Second, as previously 
mentioned at the end of Chapter 3.0 and more fully discussed in Section 
8.1, it has been established from the two characterisations carried out 
on the inserts coated with TiC by Edgar Allen Tools using their standard 
deposition conditions, that the heat treatment used to harden the P. M. 
BT42 grade H. S. S. substrate does not materially affect the characteristics 
of the TiC coating. Consequently, the characterisation of the TiC 
coating on the rake face of the inserts obtained from the nine coating 
runs was carried out using inserts in their as-coated condition, except 
in two instances (see Sections 5.5 and 5.8). 
5.1 Effect of CHy/Ti. Cly Mole Ratio and Deposition Temperature on 
TiC Coating Thickness. 
The thickness of the TiC coating on the rake face of ten inserts 
from each coating run was first determined utilising the ball-cratering 
technique previously employed to obtain A. E. S. composition-depth profiles 
(. see Section 3.2.2 and 3.3.2). This technique is in effect the same as 
the Kalotest method employed by Edgar Allen Tools. With reference to 
the schematic diagram in Figure 3.10 the thickness of each coating was 
calculated using equation 3.4: 
D2 - D12 t=2 
8R 
(3.4) 
the maximum, minimum and average values of TiC coating thickness thus 
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determined for each coating run being shown in Figures 5.1 and 5.2. 
These figures respectively illustrate the effect of CH4/TiC14 mole 
ratio and deposition temperature on coating thickness. In the case 
of the former, the results obtained are compared to similar results 
obtained by Cho and Chun 
(64) 
for TiC coatings chemically vapour deposited 
on cemented carbide substrates. 
5.2 Effect of CH4 
Preferred Or 
Mole Ratio and Deposition Temperature 
tion and Lattice Parameter of TiC Coatin 
As in previous characterisations (see Sections 3.2 and 3.3), X-ray 
diffraction was used to investigate preferred orientation and lattice 
parameters. In all, seven of the ten inserts from each coating run, 
previously used for coating thickness measurements, were examined by 
X-ray diffraction. Unfortunately, significant differences were found 
to exist between the relative intensities determined for the TiC coating 
on the rake face of each of the seven inserts from the run carried out 
at 1150°C. Since no such differences were detected for any other coating 
run, it was decided that no useful purpose would be served by carrying 
out any further work on the TiC coatings deposited at 1150°C. Typical 
relative intensities obtained for the TiC coating on the rake face of 
the inserts from each of the other coating runs are, however, shown in 
Figures 5.3 and 5.4, in comparison to the random relative intensities 
obtained for the TiC powder standard. These figures illustrate the effect 
of CH4/TiCl4 mole ratio and deposition temperature respectively. Similarly, 
the lattice parameter values determined are summarised in Figures 5.5 and 
5.6, with the maximum, minimum and average values being shown in each case. 
Before going on to describe the rest of the characterisation work 
carried out, it is pertinent to point out that all the TiC coated inserts 
from each coating run used in this work were taken from the batch of 
seven referred to earlier in this section, whose rake face coating had 
been. analysed using X-ray diffraction. 
72 
5.3 Effect of CH4/TiC14 Mole Ratio and Deposition Temperature 
on TiC Coating Composition 
As in the earlier characterisations, A. E. S. was employed to 
investigate TiC coating composition, utilising the ball-cratering 
technique used previously. However, instead of carrying out full 
spectrum analysis at a large number of points to determine complete 
composition-depth profiles through both the TiC coating and coating/ 
substrate interface as had previously been the case (see Sections 3.2.2 
and 3.3.2), only carbon, titanium and oxygen analyses were carried out 
at three points in the coating. The reason for this is that to have 
followed normal procedure in this instance would have cost in the 
region of £3000. With reference to the composition-depth profiles 
determined for the insert coated with TiC by Edgar Allen Tools using 
their standard deposition conditions in its as-coated and heat treated, 
coated condition (see Figures 3.11,3.12,3.21 and 3.22), the three 
points chosen for analysis were the centre of the coating, a point in 
the coating near to its surface and a point in the coating near to the 
coating/substrate interface, but which is not in the coating/substrate 
diffusion zone. The TiC coating on the rake face of one insert from 
each coating run was analysed in this way; the results obtained, which 
were quantified using the TiCo. 95 powder standard employed in the X-ray 
diffraction work (see Section 3.2.1) are shown in Figures 5.7 and 5.8. 
These figures illustrate the effect of CHy/TiCly mole ratio and deposi- 
tion temperature on the carbon and titanium contents of the TiC coating 
respectively. The absence of oxygen contents from these two figures is 
indicative of the fact that no oxygen-was detected in any of the TiC 
coatings analysed. 
5.4 Effect of CHy/TiCl4 Mole Ratio and Deposition Temperature 
on TiC Coating/Substrate Interface. 
Two inserts from each coating run were first sectioned and then one 
half of each mounted and polished using the techniques described in detail 
in Section 3.2.3. The polished samples were then etched in 5% nital and 
an optical examination made of the coating/substrate interface, with 
particular attention being paid to the microstructure of the P. M. BT42 
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grade H. S. S. substrate adjacent to this interface. Typical micro- 
structures observed are shown in Figures 5.9 and 5.10, illustrating 
the effect of CH4/TiCl4 mole ratio and deposition temperature respect- 
ively. 
In order to check the values of coating thickness previously deter- 
mined by ball cratering (see Section 5.1), the thickness of the TiC 
coating on the rake face of both sectioned inserts from each coating run 
were then measured optically, with twenty readings being taken to obtain 
each value. The results obtained are summarised together with those 
determined by ball-cratering in Table 5.4. 
5.5 Effect of CHy/TiCly Mole Ratio and Deposition Temperature on 
TiC Coating Structure 
As in the previous characterisations carried out on TiC coated 
P. M. BT42 grade H. S. S. inserts in their as-coated and heat treated, coated 
conditions (see Sections 3.2.4 and 3.3.4), fractography was used as an 
alternative to optical microscopy in the present investigation to deter- 
mine the effect of CH4/TiCl4 mole ratio and deposition temperature on 
the TiC coating structure. It was apparent from these characterisations 
that the structure of the TiC coating was more clearly defined in the case 
of the heat treated, coated inserts than in the case of the as-coated 
inserts (see Figures 3.15 and 3.26) and this concurred with the findings 
of Whittle 
(15) 
in his work on chemically vapour deposited TiN coatings. 
As a result, in order to obtain truly representative coating structures 
using fractography, it was decided to employ heat treated, coated inserts 
for the present investigation. 
To this end, two inserts from each coating run were first heat 
treated at Edgar Allen Tools using their standard procedure for P. M. BT42 
grade H. S. S. (see Section 3.1.3) and then notched and fractured using the 
procedure described in detail in Section 3.2.4. The two pieces of each 
of the fractured inserts thus produced were then sputtered with gold and 
their coating fracture surfaces examined on an S. E. M. It was found for 
each coating-run that the structure of the TiC coating on the two inserts 
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examined was essentially the same, in addition to being uniform along 
its length. Typical structures observed are shown in Figures 5.11 and 
5.12, illustrating the effect of CHy/TiCly mole ratio and deposition 
temperature respectively. 
5.6 Effect of CH4/TiC14 Mole Ratio and Deposition Temperature on 
Surface Roughness and Surface Grain Structure of TiC Coatings 
In accordance with normal practice (see Sections 3.2.5 and 3.3.5), 
a Talysurf 10 was used to investigate the surface roughness of the TiC 
coating on the rake face of two of the inserts from each coating run. 
The roughness average (Ra) values obtained are summarised in Tables 5.5 
and 5.6. In addition, typical Talysurf traces recorded for the TiC 
coating on one of the two inserts investigated from each coating run are 
presented in Figures 5.13 and 5.14. 
The surface of the TiC coating on the rake face of the 
two inserts 
from each coating run used for the Talysurf measurements was 
then examined 
on an S. E. M. Typical S. E. M. micrographs of the grain structures observed 
are shown in Figures 5.15 and 5.16, illustrating the effect of 
CH4/TiCl4 
mole ratio and deposition temperature respectively. It should be noted 
that, in the case of the inserts coated at 1000°C, the surface of the TiC 
coating appeared to be covered by a 'sooty' layer when examined 
by eye. 
In order to check this was not an isolated occurrence, it was decided to 
repeat the coating run at this deposition temperature. When this was 
done the same effect was seen to occur. 
5.7 Effect of CH4/TiC14 Mole Ratio and Deposition Temperature 
ng Microhardness 
Using the procedure described in Section 3.2.6, low-angle taper 
sections were first produced utilising the remaining half of both of the 
coated inserts from each coating run previously slit for micro-examination 
(see Section 5.4). An investigation of the variation in coating micro- 
hardness with distance from the coating/substrate interface was carried out 
as before, on each of the taper-sectioned samples, to locate the region 
in which truly representative microhardness values could be obtained. The 
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variation determined for the TiC coating on one of the samples from 
each of the coating runs is shown in Figures 5.17 and 5.18. These 
are typical and it can be seen that, as found previously (see Section 
3.2.6 and 3.3.6), once a certain distance from the coating/substrate 
interface is reached in each case, a plateau exists on which the micro- 
hardness does not vary significantly. Consequently, all microhardness 
measurements were taken in the centre of these plateaux, with twenty- 
five measurements being made on each sample. The results obtained are 
summarised in Tables 5.7 and 5.8. 
It is evident from these two tables that, for each coating run, 
no significant difference exists between the microhardness values deter- 
mined for the TiC coating on the rake face of the two inserts investigated. 
Consequently, only the microhardness values for the TiC coating on the 
rake face of one of the two inserts investigated from each coating run 
have been plotted in Figures 5.19 and 5.20 to show the effect of CHy/TiCly 
mole ratio and deposition temperature respectively on TiC coating micro- 
hardness. 
5.8 Effect of CH4/TiCly Mole Ratio and Deposition-Temperature 
on Adhesion of TiC Coatings 
The scratch test, previously employed to assess the adhesion of 
TiC coatings chemically vapour deposited on P. M. BT42 grade H. S. S. inserts 
in their heat treated, coated, condition (see Section 3.3.7) was also 
used to investigate the effect of CHy/TiClq mole ratio and deposition 
temperature on the adhesion of TiC coatings. 
As mentioned in Section 3.3.7, the critical load determined during 
scratch testing has been found to increase with coating thickness (see 
Section 4.2) and substrate hardness (see Section 2.7). Therefore, to 
ensure that the best possible comparison could be made between the scratch 
test results obtained for inserts in the present work, it was decided that 
with respect to the coating thickness and substrate hardness the same 
arproac used for the heat treated, coated inserts would be applied. 
Consequently, only inserts having a coating thickness and substrate hard- 
ness of 4.5 ± 0.5Um and 905 ± 25 HV30 respectively were selected for 
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scratch testing. It is immediately obvious that inserts from runs 1, 
2,7 and 8 have coating thicknesses which tall outside the required 
range (see Table 5.4) so no suitable scratch test specimens were avail- 
able. For this reason it was decided to repeat these runs (the new 
runs designated 10,11,12 and 13) using essentially the same conditions 
as before but with the exception that the deposition time was 
appropriately altered in an attempt to deposit TiC coatings of the 
required thickness. These modified deposition conditions are summarised 
for runs 10-13 in Table 5.9. As with runs 1-9 (see Introduction) at 
the end of each coating run the amount of TiC14 which had been used was 
determined by weighing and the value thus obtained used, together with 
the CHq gas flow rate, to calculate the actual CH4/TiCl4 mole ratio 
achieved, using the procedure illustrated in Appendix 3. These values 
are shown in Table 5.10. Finally, the thickness of ten inserts from each 
of runs 10-13 were determined using the ball-cratering technique (see 
Section 3.2.2), the range of these values being shown in Table 5.11. 
It can be seen from the latter Table that the thickness of the TiC 
coatings deposited during runs 10 and 12 was still considerably thinner 
than that required for scratch testing. Whilst in the former case this 
was attributed to the rapid fall off in the deposition rate with coating 
time for the substrate reaction (see Section 4.2), in the latter case it 
was a result of 'soot' formation hindering the deposition process (see 
Section 4.4). Since it is unlikely that resorting to even longer deposit- 
ion times would produce TiC coatings of an adequate thickness it was 
decided to exclude runs 10 (CH4/TiCl4 mole ratio = 0) and 12 (deposition 
temperature = 1000°C) from this study. In contrast, inserts coated 
during runs 11 and 13 do have TiC coatings of the required thickness and 
can therefore be used in the scratch tests. The deposition conditions, 
monitored at 5 minute intervals for runs 10 to 13 are given in Appendix 2. 
Two inserts from each of runs 11,3,4,5 and 6 (CHy/TiC14 mole 
ratio =1 to 5) and runs 4 and 13 (deposition temperature = 1050 and 
1100°C) were selected for scratch testing. Following their heat treatment at 
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Edgar Allen Tools (see Section 3.1.3), the rake face coating thick- 
ness and substrate hardness was determined for each insert, with 
ball-cratering (see Sections 3.2.2) used to determine the former, and 
Vickers hardness tests performed on the area of H. S. S. substrate thus 
exposed, -being used to determine 'the latter. The values obtained for 
the inserts from each coating run are shown in Tables 5.12 and 5.13 
for the CH4/TiCly mole ratio and deposition temperature investigations 
respectively. 
Following the procedure described in detail in Section 3.3.7 the 
inserts selected from each coating run were scratched and then examined 
on an optical microscope. Although such examination proved of little 
use in determining the loads which had caused complete coating removal 
it did allow a preliminary assessment of the extent to which any flaking 
occurred at the sides of the scratch channels. Following this, using 
the procedure detailed in Section 3.3.7, the scratch channels were 
examined using energy dispersive X-ray analysis (E. D. A. X. ) on. an S. E. M. 
and the lowest loads which had completely removed the TiC coatings were 
determined. Examples of typical regions taken from scratch channels 
produced by loads an increment smaller and greater than the determined 
loads, together with their corresponding Ti and Fe Kot elemental scans 
are shown in Figures 5.2.1 and 5.22 for the CHy/TiCly mole ratio and 
deposition temperature investigations respectively. In addition, a 
summary of the scratch test results obtained for the two investigations 
is provided in Tables 5.14 and 5.15 listing the lowest loads at which 
coating flaking and complete coating removal occurred, as well as the 
type and degree of flaking. 
It is pertinent to mention at this point that the present work was 
not only concerned with the determination of the effect of CHy/TiCly mole 
ratio and deposition temperature on the characteristics of the TiC coat- 
ings chemically vapour deposited on the P. M. BT42 grade H. S. S. inserts, 
78 
but also with their effect on the cutting properties of the coated 
inserts. Consequently, cutting tests were carried out to determine 
the effect of CHy/TiCly mole ratio and deposition temperature on the 
tool life of the TiC coated inserts, enabling the coated inserts 
exhibiting the optimum combination of coating characteristics and 
tool life to be identified. These coated inserts were then used in 
more detailed cutting tests, together with uncoated inserts, to eluci- 
date the effect of this optimum TiC coating on the cutting properties 
of the P. M.. H. S. S. inserts. This work, which forms the third and final 
part of the present investigation is fully described in Chapter 7.0. 
It is preceded, in the next chapter, by a review of relevant previous 
cutting studies carried out with uncoated and TiC coated H. S. S. tools 
and TiC coated cemented carbide tools. 
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Table 5,1 Calculated values of CHy flow rate to give 
desired range of CHy/TiC14 mole ratios. 
Desired 
CHy/TiCly 
mole ratio 
CHy flow rate 
-I 1 hr 
0 0 
1 110 
2 220 
3 330 
4 440 
5 550 
Table 5.2 Deposition conditions used for coating runs carried out to 
investigate effect of (i) CHy/T'Cly mole ratio and 
(ii) Deposition temperature. 
Run 
? Desired 
CH /TiCl 
Deposition 
Temperature 
TiCly 
bath 
Gas flow rate, 1 hr -I 
Time 
number 
4 y 
Mole ratio °C temp 
0c CHy 1h H2(TiCIO Total 
min. 
(i) CH4, /TiCly mole ratio 
1 0 1050 50 0 2355 1875 4230 60 
2 1 1050 50 110 2245 1875 4230 60 
3 2 1050 50 220 2135 1875 4230 60 
4 3 1050 50 330 2025 1875 4230 60 
5 4 1050 50 440 1915 1875 4230 60 
6 5 1050 50 550 1805 1875 4230 60 
(ii) Deposition temperature 
7 3 1000 50 330 2025 1875 4230 60 
8 3 1100 50 330 2025 1875 4230 60 
9 3 1150 50 330 199 1875 4230 60 
Table 5.3 Amount of TiCly used during each coating run 
and actual CHy/TiCly mole ratio achieved. 
Run 
number 
Desired 
CH4/TiC14 
mole ratio 
Amount 
of TiC14 
used, g 
CH4 flow 
rate 
1 hr-1 
Actual 
CHy/TiCly 
mole ratio 
1 0 810 0 0 
2 1 845 110 1.01 
3 2 787.5 220 2.17 
4 3 835.5 330 3.06 
5 4 900 440 3.79 
6 5 834 550 5.12 
7 3 804 330 3.18 
8 3 912 330 2.81 
9 3 930 330 3.00 
Table 5.4 Comparison of TiC coating thickness values obtained 
by optical measurement and ball-cratering. 
Run 
Ave. coating thickness; um 
(optical) 
Coating thickness 
range, 
, 
plm 
number Insert 1 Insert 2 (Ball-cratering) 
1 3.07 3.19 1.82 - 2.98 
2 3.49 3.65' 2.62 - 3.42 
3 4.30 4.36 3.42 - 4.65 
4 5.30 5.44 4.04 - 5.39 
5 5.14 5.15 4.39 - 5.28 
6 5.07 5.27 4.18 - 5.69 
7 2.28 2.37 2.38 - 2.68 
8 7.92 8.88 7.65 - 9.32 
9 - - 12.02 - 15.14 
Table 5.5 Surface roughness values for TiC coatings 
deposited at different CHI. /TiCl4 mole ratios. 
Roughness average, Ra (um) 
CHq/TiCly 
mole ratio Insert 1 Insert 2 
Ave. Max. Min. Ave. Max. Min. 
0 0.36 0.47 0.23 0.24 0.30 0.18 
1.01 0.73 1.03 0.22 0.71 1.10 0.40 
2.17 0.18 0.30 0.13 0.35 0.63 0.21 
3.06 0.60 1.20 0.30 0.46 0.68 0.28 
3.79 0.28 0.38 0.18 0.34 0.62 0.18 
5.12 0.28 0.51 0.22 0.28 0.35 0.22 
Table 5.6 Surface roughness values for TiC coatings 
deposited at different temperatures. 
Roughness average, Ra (dim) 
Deposition 
Insert 1 Insert 2 temperature 
oc 
Ave. Max. Min. Ave. Max. Min. 
1000 0.40 0.65 0.29 0.39 0.57 0.29 
1050 0.60 1.20 0.30 0.46 0.68 0.28 
1100 0.32 0.42 0.24 0.32 0.45 0.25 
Table 5,7 Microhardness values for TiC coatings deposited 
at different CHy/TiCly mole ratios. 
Microhardness, kg mm 
2 
. CH4/TiC1q 
mole ratio 
Insert 1 Insert 2 
Ave. Max. Min. Ave. Max. Min. 
0 1978 2286 1525 1924 2286 1569 
1.01 1790 2136 1569 1840 2136 1525 
2.17 2311 2637 1877 2222 2636 1877 
3.06 2486 2844 1820 2716 3972 2000 
3.79 3744 4806 3076 3697 4158 3076 
5.12 4023 4806 3202 3980 4806 3076 
Table 5.8 Microhardness values for TiC coatings deposited 
at different temperatures. 
Microhardness, kg mm 2 
Deposition 
temperature 
° 
Insert 1' Insert 2 
c 
Ave. Max. Min. Ave. Max. Min. 
1000 1201 1319 984 1196 1392 1080 
1050 -2486 2844 1820 2716 3972 2000 
1100 5043 5559 4314 5045 5545 4303 
Table 5.9 Deposition conditions used for coating runs 10 to 13. 
Desired Deposition 
Tb 
Gas flow rate, 1 hr 
1 Time 
Run th 
CHy/TiCly temperature min. 
number mole ratio 
0C tömp. CHy H2 H2(TiCl4ý) Total 
10 0 1050 50 0 2355 1875 4230 110 
11 .1 
1050 50 120 2235 1875 4230 101 
12 3 1000 50 370 1985 1875 4230 110 
13 3 1100 50 370 1985 1875 4230 33 
Table 5.10 Amount of TiCly used during coating runs 10 to 13 
and actual CHy/TiClq mole ratios achieved. 
Run 
number 
Desired 
CH4/TiCl4 
mble ratio 
Amount of 
TiCly used 
g 
CHy flow 
rate 
1 hr 1 
Actual 
CHy/TiCly 
mole ratio 
10 0 1780 "0 0 
11 1 1617 120 0.97 
12 3 1745 370 3.02 
13 3 523 370 3.02 
Table 5.11 Thickness of TiC coatings deposited in runs 
10 to 13, by ball-cratering. 
Run 
number 
Coating thickness, utm 
Average Maximum Minimum 
10 2.91 3.46 2.54 
11 4.25 4.10 4.41 
12 1.48 1.89 1.00 
13 4.24 3.73 4.80 
Table 5.12 Thickness of TiC coating and hardness of H. S. S. 
substrate of heat treated coated inserts used 
in scratch tests to investigate effect of 
CHL/TiCly mole ratio on coating/substrate adhesion. 
Run 
Actual 
CHk/TiCly 
Insert 
number 
Coating Substrate 
thickness hardness 
number mole ratio elm HV30 
11 0.97 1 4.28 905 
11 0.97 2 4.13 901 
3 2.17 1 4.36 912 
3 2.17 2 4.42 919 
4 3.06 1 4.78 909 
4 3.06 2 4.13 883 
5 3.79 1 4.77 915 
5 3.79 2 4.89 883 
6 5.12 1 4.84 919 
6 5.12 2 4.61 919 
Table 5.13 Thickness of TiC coating and hardness of H. S. S. 
substrate of heat treated, coated inserts used 
in scratch tests to investigate effect of 
deposition temperature on coating/substrate 
adhesion. 
Coating Substrate 
Run Deposition Insert thickness hardness 
number 
temperature number 
°C PM HV30 
4 1050 1 4.78 909 
4 1050 2 4.13 883 
13 1100 1 4.26 905 
13 1100 2 4.19 912 
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6.0 CUTTING STUDIES WITH UNCOATED H. S. S. AND TiC COATED H. S. S. 
AND CEMENTED CARBIDE TOOLS - PREVIOUS WORK 
As described at the end of the previous chapter, this chapter 
is concerned with relevant previous cutting (i. e. turning) studies 
carried out with uncoated and TiC coated H. S. S. tools and TiC coated 
cemented carbide tools. The latter have been included as a consequence 
of the fact that very few such studies have been carried out with TiC 
coated H. S. S. tools. It is, however, recognised that results obtained 
with TIC coated cemented carbide tools are unlikely to be directly 
applicable to the present work. Notwithstanding this, it is felt that 
they may help to give an insight into any improvements in cutting 
properties found to arise from the application of the TIC coating to 
the P. M. BT42 grade H. S. S. inserts in the present work. 
6.1 Uncoated H. S. S. tools 
As mentioned above this section is concerned primarily, with 
relevant previous cutting studies carried out with uncoated H. S. S. 
turning tools. Since the cutting work associated with the present inves- 
tigation was carried out on steel workpiece material under conditions 
of built-up edge (b. u. e. ) formation in the presence of a coolant (see 
Chapter 7.0), where possible attention will be focused on those studies 
carried out under these three conditions. Sub-sections are included on 
chip and b. u. e. formation, tool forces and temperatures, tool wear, tool 
wear mechanisms and tool life. Whilst reference is made in the second 
of these to cemented carbide as well as H. S. S. turning tools, the remainder 
deal with work carried out exclusively with H. S. S. turning tools. 
Although it is not claimed that this section constitutes a complete re- 
view of all the literature on cutting studies carried out with H. S. S. 
turning tools it is felt that it is sufficient for the purposes of the 
present work. 
6.1.1 Chip and b. u. e. formation 
The mode of chip formation is perhaps the most important aspect 
of any metal cutting operation since, by virtue of its effect on the 
80 
nature of chip/tool and, under certain circumstances tool workpiece 
contact, it influences tool forces and temperatures, tool wear and 
workpiece surface finish(130)" It has been indicated by Trent(131) 
that the formation of all types of chip involves shearing of the work- 
piece material in the region of a plane (the shear plane) extending 
from the tool cutting edge to the position where the upper surface of 
the chip joins the workpiece surface. Three basic chip forms have been 
identified 
(132): 
a continuous chip, a continuous chip associated with 
the presence of a b. u. e. and a discontinuous chip. Whilst continuous 
chips are produced by steady plastic deformation and the latter by 
unsteady plastic deformation accompanied by periodic fracture, the b. u. e. 
has been described as a wedge of workpiece material between the chip and 
tool(130)0 
The b. u. e. has been the subject of many investigations. Although 
the mechanism of its formation is still not fully understood, it is 
known that the b. u. e. is not, as previously thought, an extension of 
the tool with the chip sliding over it(133), but rather, as shown in 
Figure 6.1, the b. u. e. and workpiece constitute one continuous body of 
material not separated by free surfaces. As illustrated in this figure, 
two new surfaces are being formed, the workpiece surface at A and the 
underside of the chip at B. It has also been found that b. u. e. 's are 
only formed when cutting materials containing two or more phases 
(134) 
and though it is generally accepted 
(130,134-136) 
that the shape and 
growth of b. u. e. s are mainly governed by temperature, other workers have 
found that factors such as increasing rake angle 
(134,137,138), 
increasing 
workpiece carbon content 
(134) 
and the presence of oxygen at/near the cutt- 
ing edge 
(139,140) 
also influence b. u. e. growth. 
With regard to the effect of cutting speed on chip formation, it 
has been found from several investigations 
(130,134,135,137,141) 
that when 
machining steel workpieces without a coolant, there is a transition at 
very low cutting speeds from a discontinuous chip to a continuous chip 
with a b. u. e., with a further transition observed at higher cutting speeds 
to continuous chip formation without a b. u. e. Since many researchers 
(136, 
138,140,142-152) 
have also established that a b. u. e. is formed when H. S. S. 
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tools are used to turn steel workpieces and, as mentioned earlier, 
the cutting work described in Chapter 7.0 involves the turning of 
steel workpiece material with uncoated H. S. S. inserts, only the con- 
dition of continuous chip formation with a b. u. e. will be considered 
further here. 
From studies of chip formation in the presence of a b. u. e. by 
Ramaswami(136) and Heginbotham and Gogia(137) it has been found that 
increasing the cutting speed and hence temperature (see Section 6.1.2.2) 
results in a change in the type of b. u. e. formed. These workers iden- 
tified four different types of b. u. e. which, in order of increasing 
cutting speed, were classified as positive wedge, rectangular, negative 
wedge and layer. Further, in the work by Ramaswami in which 0.2%C steel 
was machined with H. S. S. tools it was found that these changes in form 
were accompanied by changes in b. u. e. structure and by a decrease in its 
hardness from 477 to 350 kg MM -2 (c. f. undeformed workpiece hardness of 
139 kg mm-2 ). 
It is also known from other investigations that the presence of 
a b. u. e. during metal cutting affects the tool forces, tool temperatures, 
tool wear and workpiece surface finish. It is more appropriate to dis- 
cuss the former three points in Sections 6.1.2.1,6.1.2.2 and 6.1.3, 
however, the latter will be considered here. 
(130,136,153,154) 
It has been established by several workers that 
a correlation exists between b. u. e. formation and workpiece surface finish, 
with increasing b. u. e. size found to give rise to a decrease in surface 
finish and vice versa. Childs and Rowe 
(130) 
gave two reasons for this; 
first that tearing of the workpiece occurs as it passes over the side of 
the b. u. e. and second that the b. u. e. itself is unstable, its extremities 
being continually torn off and reformed. Evidence of the b. u. e. fragments 
thus produced are provided by numerous quick-stop sections presented in 
the literature (134,137,141,149) which show that b. u. e. fragments are 
removed by both the chip and the workpiece, those removed by the work- 
piece affecting its surface finish. 
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6.1.2 Tool forces and temperatures 
6.1.2.1 tool forces 
With regard to tool forces, the analysis by Merchant 
(155), 
based on an idealised model of continuous chip formation without a 
b. u. e., in which the workpiece material is considered to be continuously 
deformed on the shear plane, is often used to define the forces occurr- 
ing during metal cutting. According to Merchant's analysis, the force 
equilibrium circle for orthogonal cutting with a sharp tool under these 
conditions is as shown in Figure 6.2. It is evident from this figure 
that the cutting force Fc and the thrust (feed) force Ft give rise to 
the resultant force R which can be further resolved into other mutually 
perpendicular components: namely, the frictional and normal forces F 
and N acting on the tool rake face and the shear and normal forces Fs and 
Fn acting on the shear plane. 
By applying classical friction theory to his idealised model of 
chip formation, Merchant 
(155) 
derived an expression for the coefficient 
of chip/tool friction, u, given in the equation below: 
F, sins + Ft cosa uü Fc cosa - Ft sind 
(6.1) 
where ais the rake angle. It is now widely accepted, however, that 
during unlubricated metal cutting, under conditions of continuous chip 
formation without a b. u. e., the distribution of frictional and normal 
stresses on the tool rake face approaches those of the idealised model 
proposed by Zorev(156), illustrated in Figure 6.3. As shown in this 
figure, two quite distinct frictional regions exist which have been des- 
cribed as the regions of 'sticking' and 'sliding' friction. In the 
sticking friction, i. e. seizure region adjacent to the tool cutting edge, 
the normal stress is sufficiently latge'to cause the real and apparent 
areas of chip/tool contact to be equal and the frictional stress to be 
constant and equal to the shear strength of the chip material there. In 
direct contrast, ' in the sliding friction region the ratio of real to 
apparent area of chip/tool contact is less than unity and the coefficient 
of friction constant; the frictional contact being between the surface 
asperities of the chip and tool, 
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It is evident from the foregoing that a single value of coefficient 
of chip/tool friction calculated from equation (6.1) will not fully describe 
the frictional conditions existing on the tool rake face. Nevertheless, 
such values are still commonly used in modern metal cutting research, 
as exemplified in a recent study by Kurimoto and Barrow 
(148), 
though 
they are now normally referred to as 'apparent' coefficients of chip/ 
tool friction. 
A number of workers have investigated the effect of cutting speed 
on tool forces during the machining of pure metals which do not form a 
b. u. e. 
(130,141) 
and two phased materials which do form a b. u. e. 
(130,141, 
146,148,153,157) 
(see Section 6.1.1). In the former studies it was 
found that the cutting 
(130#141) 
and thrust 
(141) 
forces decreased smoothly 
with increasing cutting speed and that this decrease was most marked at 
low cutting speeds (see Figure 6.4 - curve for Fe). According to Trent 
(131) 
this decrease in tool forces is caused partly by a reduction in the shear 
strength of the workpiece as its temperature increases at higher cutting 
speed, but of more significance is the decrease in chip/tool contact area 
which results primarily from the reduction in chip/tool contact length as 
the cutting speed increases. In the latter studies, in the presence of a 
b. u. e., a pronounced minimum was found to be superimposed on this trend 
at lower cutting speeds (see Figure 6.4 - curve for 0.19%C steel). It 
has been suggested 
(137) 
that this minimum is due to changes in b. u. e. 
formation (see Section 6.1.1) causing, first an increase and then a decrease 
in effective rake angle, with increasing cutting speed. However, other 
workers 
(131,138,141,157) 
have expressed the alternative view that the 
changes in cutting force observed reflect changes in chip/tool contact 
length caused by the presence of the b. u. e. 
6.1.2.2 tool temperatures 
Turning now to tool temperatures, it is considered that during 
dry, orthogonal cutting operations, under conditions of continuous chip 
formation without a b. u. e., the main areas of heat generation are those 
indicated in Figure 6.5(158). With a sharp tool, heat is generated by 
plastic deformation in the primary shear zone AB and in the secondary 
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shear zone BC and by sliding friction along the tool rake face CD. In 
the case of a worn tool, a further source of heat is the friction 
between the worn flank face of the tool BE and the workpiece. Since 
the temperatures imposed on the tool by these areas of heat generation 
are of most relevance to the present work, only these will be considered 
here. 
Several workers have used the metallographic changes technique 
(145, 
146,150,159-161) developed by Wright and Trent 
(159) 
and the tool/work 
thermocouple technique 
(147-149,153,162), to study tool temperatures. 
Using the latter technique, several workers 
(147,148,153,162) 
have shown 
that the average tool temperature increases with increasing cutting 
speed under dry cutting conditions. In addition it is evident from work 
by Shaw et al 
(149) 
that whilst water-based coolants are effective in 
reducing tool temperatures at low cutting speeds, their effectiveness is 
decreased with increasing cutting speed and feed until they eventually 
have no effect at all. It has also been found using the metallographic 
changes technique, that-under dry cutting conditions 
(145,146,159,160) 
the 
temperature along the chip/tool interface is not constant, but varies 
from a relatively low value at the cutting edge to a maximum some distance 
from it. Further, that increasing the cutting speed causes the maximum 
temperature on the tool rake face to increase and the heat affected zone 
(h. a. z. ), whilst remaining the same in form i. e. extending into the tool 
in an arc, to move deeper into the tool and nearer to the cutting edge. 
The application of a water-based coolant during, cutting has been found to 
reduce the size of the h. a. z. and steepen the temperature gradients with- 
in it(150,161) 
Although tool flank face temperatures have been investigated some- 
what less, it is known that these temperatures are influenced by those 
generated on the rake face and that the maximum temperature on the flank 
face is always less than that on the rake face. In the case of tools 
worn on their flank face the-maximum temperature on this face has been 
reported to occur at the cutting edge by Küsters 
(163) 
and at some distance 
from it by Arndt and Brown(164) Chao and Trigger(165) found that the 
tool flank wear land temperature increased with increasing flank wear and 
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observed a corresponding increase in tool rake face temperature, but 
noted, not surprisingly, that the effect of flank wear on temperature 
increase was greater at the tool flank face than at the tool rake face. 
The majority of experimental investigations of tool temperatures 
have been carried out using conditions which do not give rise to b. u. e. 
formation because of the complications which it introduces. However, 
in view of the nature of the b. u. e. (see Section 6.1.1), some workers 
(146, 
162) 
have suggested that it is likely that tool temperatures would be 
reduced when cutting in the presence of a large b. u. e., since it will 
separate the tool from frictional heat sources on both the rake and 
flank faces. 
6.1.3 Tool wear 
Wear generally takes place in two well defined regions on the 
cutting tool, as shown in Figure 6.6. On the rake face over which the 
chip slides, a crater develops which can extend to the cutting edge 
after long periods of cutting. Also, on the flank face, below this cut- 
ting edge, a flat or land is worn. The extent of crater wear is usually 
defined by crater width and depth, and of flank wear, since this is 
normally irregular in width 
(148) 
particularly in the presence of water- 
based coolants, by the average width of the flank wear land (see Figure 
6.6). Although at high cutting speeds crater wear is predominantly res- 
ponsible for limiting tool life, since it eventually becomes so severe 
that the cutting edge is weakened resulting in eventual fracture and 
failure, under more economical conditions flank wear is usually the deter- 
mining factor. 
Many workers have studied'the effect of cutting time on the flank 
wear of H. S. S. tools 
(135,136,145,166,167) it having been found that the 
characteristic curve of flank wear land length versus time (or cut dis- 
tance) is as shown in Figure 6.7(136). It can be seen that this curve 
consists of three distinct regions: region AB, where the sharp cutting 
edge is quickly broken down and in which the wear rate is initially high 
but then decreases as the flank wear land is established; region BC in 
which steady-state flank wear occurs and region CD in which the wear rate 
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accelerates to tool failure. It has been suggested by Chao and Trigger 
(165) 
that the initial high wear rate in region AB is due to abnormally high 
instantaneous contact stresses. They also concluded, in agreement with 
the earlier proposal by Shaw and Dirke(166), that despite the increase 
in flank wear land temperature with increasing flank wear (see Section 
6.1.2.2), the wear rate in the steady-state region BC is unaffected by 
temperature due to the low overall levels involved. However, the wear 
rate does become temperature dependent during the final rapid flank wear 
stage (region CD). Shaw and Dirke suggested that, in this stage, the 
temperatures generated as a result of flank wear become sufficiently high 
to cause a significant decrease in tool hardness and consequently an 
increase in wear rate. 
The effect of cutting time on crater wear has been reported to a 
considerably lesser extent though it has been suggested 
(167) 
that a crater 
depth versus cutting time curve will follow much the same trends as 
described for flank wear above. 
Several workers have investigated the effect of cutting speed on 
the wear of H. S. S. tools used for turning steel workpieces in the presence 
of water-based coolants(135,140,148,151)ý The work by Opitz and Konig(135) 
represents one of the few comprehensive studies in this area. In their 
investigation S12-1-4-5 H. S. S. tools were used to turn a normalised 0.5% 
steel workpiece over the cutting speed range of 1 to 40m min 1, with a 
feed and depth of cut of 0.2 mm rev 
1 and 2 mm respectively, in the 
presence of a coolant. At relatively low cutting speeds it was found that 
the presence of a b. u. e. had a significant effect on the wear of the tools, 
with temperature becoming the important factor in the higher cutting speed 
range. The curves for flank and crater wear versus cutting speed obtained 
by Opitz and Konig are shown in Figure 6.8. 
From this figure it is evident that flank wear initially increases 
up to a maximum with increasing cutting speed, corresponding to an increase 
in b. u. e. size, and then decreases with decrease in b. u. e. size, reaching 
a minimum at a cutting speed coincident with its disappearance. At even 
higher cutting speeds flank wear increases steeply leading to tool failure. 
Wear in this higher cutting speed range is temperature dependent, the 
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temperatures generated being high enough to cause softening of the H. S. S. 
tool and hence the accelerated wear. The situation with regard to crater 
wear is completely different (see Figure 6.8). Up to cutting speeds 
of -20m min 
1 
very little crater wear is observed, however, at greater 
cutting speeds the wear rate is rapid and crater development proceeds 
quickly until the tool fails. Opitz and Konig(135) suggested that the 
initial low wear rate was due to the rake face being protected by the 
stable part of the b. u. e. whereas the high wear rate observed at cutting 
speeds greater than 20m min 
1, 
as with flank wear, was the result of 
high temperatures generated causing softening and subsequent loss of 
strength of the H. S. S. tool. Their observation of plastic deformation 
of the H. S. S. matrix at higher cutting speeds lends support to the latter 
suggestion. It is also evident from figure 6.8 that the final rapid 
increase in crater wear begins at a lower cutting speed than that of 
flank wear and this observation would seem to corroborate the earlier 
comment (see Section 6.1.2.2) that the temperature on the rake face is 
always higher than on the flank. 
The work by Childs and Smith 
(151) 
represents another detailed 
investigation which in this case was concerned with the effect of cutting 
speed on the flank wear of BM2 grade H. S. S. tools used to turn annealed 
En8D steel workpiece material under conditions of b. u. e. formation with 
particular attention given to the role of the b. u. e. In this work, two 
types of test were performed; main and subsidiary, both at cutting speeds 
of 18.0,22.9,30. x", 38.1 and 45.7 m min 
1 
with a coolant consisting of 
a 40: 1 mixture of water and soluble oil directed onto the tool at a flow 
rate of 0.25 1 min 
1. 
The main'turning tests, carried out for a total cut distance of 
610m, with a feed and depth of cut of 0.254 mm rev 
1 
and 2.54 mm respect- 
ively, were interrupted about every 90 m to allow average flank wear 
land length measurements to be made. From these measurements, curves of 
average flank wear land length (1) versus cut distance (s) were plotted 
these being used to determine steady-state flank wear rates for each of 
the five cutting speeds investigated. It was found from the latter that 
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the steady-state flank wear rate initially increases with increasing 
cutting speed and reaches a maximum between 25 and 30 m min 
1 before 
decreasing with further increases in cutting speed; this trend being 
(similar 
to that observed by Opitz and Konig135). 
In the main turning tests, the b. u. e. fragments carried down 
the flank face of the tool during one revolution of the workpiece were, 
of course, removed on the chip during the next revolution, thus pre- 
cluding any study being made of them. The subsidiary turning tests were 
carried out specifically to circumvent this problem, utilising a coarse 
pitch thread prepared on one of the En8D bars. For each of the five 
cutting speeds under investigation, a tool was set to feed axially with 
the pitch of this thread, at a depth of cut of 2.54 mm, so as to remove 
a layer from the thread flank equal in thickness to the feed depth of 
the main tests. In this way the b. u. e. fragments carried down the tool 
flank face were preserved on the thread form. 
These fragments were subsequently examined both optically and on 
an S. E. M., it being found that they were of two types; major and 
minor. The major i. e. larger fragments formed at any cutting speed were 
qualitatively as well as quantitatively different from the minor ones 
formed at the same speed, having flat, grooved plateaux which Childs and 
Smith 
(151) 
suggested had: been formed by them rubbing against the tool 
flank wear land as they were carried away by the workpiece. These plat- 
eaux reflected light in a characteristic way which enabled the larger 
b. u. e. fragments to be easily detected and distinguished from the minor 
ones. For each of the five cutting speeds investigated, the plateaux on 
a length of thread flank corresponding to a cut distance of approximately 
800 mm were measured and counted, the average number of plateaux per mm 
of cut distance then being calculated together with their mean length and 
width perpendicular and parallel to their sliding direction respectively. 
The latter was found not to vary much with cutting speed, typically being 
about 0.1 mm, whilst the former were found to vary significantly indicating 
a change with increasing cutting speed from a few long plateaux to many 
shorter ones. -Using these b. u. e. fragment plateaux measurements the total 
area of b. u. e. fragment plateaux per unit sliding i. e. cut-distance for 
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each of the five cutting speeds investigated was then calculated. 
Comparison of these values with the values of steady-state flank 
wear rate determined from the main cutting tests showed that a close 
correlation existed between them. Childs and Smith therefore con- 
cluded that the variation in steady-state flank wear rate with cutting 
speed observed in their work was due to variation in the amount of 
sliding and real area of contact between the tool flank and the major 
b. u. e. fragments, i. e. to variation in b. u. e. size and stability; 
flank wear being caused by these b. u. e. fragments rubbing against the 
tool flank as they were carried away by the workpiece. 
In a further investigation of the flank wear of H. S. S. tools used 
to turn annealed En8D steel workpiece material, Childs and Smith 
(140) 
investigated the effect of flank atmosphere on both wear and b. u. e. 
stability, the latter being studied using the technique developed in 
their previous investigation. From the results obtained in this and in 
their previous investigation 
(140,151) 
Childs and Smith came to the 
general conclusion that large changes in the flank wear rate of H. S. S. 
tools can be produced not only by changes in the amount of sliding and 
real area of contact between the tool flank and b. u. e. fragments, i. e. 
by changes in b. u. e. stability, but also by changes in the severity of 
the interaction between the tool flank and b. u. e. fragments. 
6.1.4 Tool wear mechanisms 
In this section the major wear mechanisms which have been reported 
to occur when turning steel workpiece materials with H. S. S. tools will 
be considered with particular emphasis placed on the experimental 
evidence presented for their occurrence. Unfortunately, the tests con- 
ducted in most of the relevant investigations were carried out in the 
absence of a coolant but nevertheless these are still of importance and 
thus will be considered.., It will be made clear which tests were carried 
out in the presence of a coolant. 
6.1.4.1 abrasion 
Abrasion is''intuitively considered by many workers to be a major 
wear mechanism for H. S, S. tools and is often quoted as such in the 
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literature, but without supporting experimental evidence being 
presented in most cases. This is exemplified by the work of Opitz 
and Konig(135), Ramaswami(136) and Brownsword et a1(144) all of whom 
specified abrasion to be either partially or wholly responsible for 
both the flank 
(135,136) 
and crater wear 
(136,144) 
of the H. S. S. tools 
in their investigations without presenting any evidence to sub- 
stantiate this. Opitz and Konig and Ramaswami cited the strain hard- 
ened b. u. e. fragments as the abradant. This is particularly surprising 
in Ramaswami's case since, along with Brownsword et al 
144) 
he deter- 
mined the microhardness at various positions on the b. u. e. and found 
the values obtained to be substantially less than that of the cutting 
tool material, and it is well known 
(168) 
that one of the first criterion 
for abrasive wear to occur is that the abradant should be harder than 
the abraded surface. As far as H. S. S. tools are concerned, there are, 
therefore, two potential sources of abrasive, namely, the presence of 
hard particles in the workpiece material and M6C and MC carbides in the 
H. S. S. tools themselves. 
With regard to the former, in an investigation of the wear of 
M34 grade H. S. S. tools used to turn low carbon iron, En8 steel, cast 
iron, En58B and En58E stainless-steels and Nimonic 75, Wright and Trent 
(145) 
only found direct evidence of abrasion on the H. S. S. tools used to turn 
the En58B workpiece material which had been stabilised with titanium 
and contained Ti(C, N) particles. This evidence took the form of Ti(C, N) 
particles embedded not only in the rake face, but also, rather more 
frequently in the flank face. In order to further investigate the 
nature of the abrasive wear, a comparison of the flank wear of the H. S. S. 
tools used to turn En58B and En58E was made; the latter being similar in 
composition to the-former but not stabilised with Ti and hence not con- 
taining hard Ti(C, N) particles. It was found that the initial flank 
wear rate of the. H. S. S. tools used to cut the En58B was considerably 
greater than when the En58E workpiece material was cut. However, this 
difference, in flank'wear rate"was only noted during the first few seconds 
of, cutting, the difference being very much smaller after longer periods 
of cutting. Wright and Trent 
(145) 
concluded that while abrasion may 
'account. for the difference in flank wear rate when cutting these two 
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steels, other wear mechanisms must be responsible for the general 
character and high rate of wear. 
In the case of the latter potential source of abrasive, since 
it is known that the carbides present in H. S. S. tools can be removed 
by other wear mechanisms during cutting (see Sections 6.1.4.2 to 
6.1.4.4) it is feasible that they could cause wear by abrasion as they 
are carried away by either the chip or b. u. e. fragments. Doyle 
(152) 
has in fact cited this mode of wear for M2 H. S. S. tools used to turn 
0.46%C steel, on the basis of definite 'abrasive tracks' observed in 
both the crater and flank wear regions, refuting abrasion by the chip 
or 'hard spots' in the workpiece material as the source of these tracks. 
Notwithstanding this it must be emphasized, as previously noted, that 
Wright and Trent found no such evidence for abrasion in their work when 
turning EnS (0.4%C) steel. 
6.1.4.2 adhesion 
In contrast to the situation with abrasion, many workers have 
presented convincing evidence of the occurrence of wear by adhesion in 
both the flank 
(140,145,147,151,152) 
and crater 
(136,151) 
regions of H. S. S. 
(151) 
tools used to turn steel workpieces. In only one case was cutting 
carried out in the presence of a coolant. 
The work by Childs and Smith 
(140), 
Wright and Trent 
(145), 
Shelton 
and Wronski(147) and Doyle 
(152), in which H. S. S. tools were used to turn 
normalised 0.46%C(152) and annealed En8 (0.45q%C)(140,145,147) steel, 
under dry conditions at a cutting speed of 30 m min-1, yielded strikingly 
similar results with regard to the appearance of the worn flank surface, 
as revealed by metallurgical sectioning. It was observed in all four 
investigations that fragments of both carbide and matrix had been torn 
from the tool leading to breakdown of the cutting edge beneath the b. u. e., 
with the resulting rough worn flank surface completely bonded to the 
b. u. e. covering it. This was exemplified in one case(140) by the y presence 
of an interfacial layer between the b. u. e. and worn flank surface. In 
addition Childs and Smith 
(140) 
and Shelton and Wronski(147) found dis-, 
tinct cracks in the flank surface. Such a worn surface is characteristic 
of wear by adhesion. 
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In the presence of a water-based coolant, Childs and Smith 
(151) 
observed that at cutting speeds of 18,22.9,30.5,38.1 and 45.7 m min- 
the worn flank face surfaces of BM2 grade H. S. S. tools used to turn 
annealed En8D steel also exhibited evidence of wear by adhesion, 
although in this case by the removal of very fine metallic fragments, 
the worn flank surface being much smoother than that observed under 
dry cutting conditions. 
Childs and Smith(151) also observed similar evidence of wear by 
adhesion on the worn rake surface of BM2 grade H. S. S. tools. Further- 
more, in an investigation by Ramaswami(136) it was observed that the 
worn crater surface of 5% cobalt N. S. S. tools used to turn 0.2%C steel 
had a rough appearance indicative of wear by adhesion. 
6.1.4.3 diffusion 
Evidence of diffusion during cutting with H. S. S. tools has been 
presented by many investigators in the form of metallographic cross- 
sections which reveal the presence of an interfacial layer typically 
0.5 to 5um thick 
(142,144,145,169,170) between the b. u. e. and tool after 
turning plain carbon and low alloy steels at cutting speeds in the 
region of 30 m min-'. The extreme thinness of the typical interfacial 
layers observed has presented difficulties with regard to determining 
their composition. However, by using E. P. M. A. together with other 
techniques such as etching, microhardness testing and heat tinting, 
different investigators have arrived at the following conclusions regard- 
ing the nature of the interfacial layer, namely, that it was a complex 
carbide similar in nature to cementite (Fe3C) with chromium and manga- 
nese in solution 
(142,145) 
,a , 
mixed carbide of iron and chromium 
170) 
and 
(169) 
martensite alloyed in. chromiumý 
Although Wright has argued that the presence of this layer 
does not properly constitute wear by diffusion since no tool material 
is removed, Wright and Trent(145) have suggested that since elements 
diffuse out of the tool to contribute to the interfacial layer below 
the b. u. e. then it would seem likely that elements would diffuse out of 
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the tool behind the b. u. e. where the temperatures are higher (see 
Section 6.1.2.2), to be carried away by the chip. This conclusion 
is supported by further observations on the rake face of polished 
and etched cross-sections of worn tools; firstly, the interfacial 
layer thickness has been found to increase towards the rear of the 
b. u. e., consistent with an increase in temperature (and hence diffusion) 
in this region 
(142) 
and secondly, carbides have been observed in worn 
craters standing proud of the tool 
(145), 
consistent with the matrix 
around them being removed preferentially by diffusion. 
6.1.4.4 superficial plastic deformation 
A number of workers have obtained experimental evidence of super- 
ficial plastic deformation as a wear mechanism on both the rake(135,144, 
145,152) 
and flank 
(135,145,152) 
faces of worn H. S. S. tools. 
One of the more revealing studies in this respect is that by 
Wright and Trent 
(145) 
in which low carbon iron, En8, austenitic stain- 
less steel and Nimonic 75 workpieces were turned with BM34 grade H. S. S. 
tools, in the absence of a coolant, at relatively high cutting speeds. 
When the former material was turned at 183 m min-' at a feed and depth 
of cut of 0.25 mm rev-' and 1.25 mm respectively, Wright and Trent 
found that the maximum temperature generated on the rake face was about 
900°C and that just beyond the hottest point at the centre of the crater, 
the surface layers of the H. S. S. tool material had been sheared in the 
direction of chip flow and piled up to form a ridge. They also found that 
a condition of seizure occurred at the chip/tool interface with a flow 
zone -Mum thick existing in the chip adjacent to the tool. Whilst the 
top of this zone was reported to move with the chip, the bottom was 
bonded to the tool and as a consequence of the intense shear which occurred 
in this region considerable heat was generated which greatly raised the 
tool temperatures. Wright and Trent 
(145) 
concluded that at these temp- 
eratures the yield strength of the H. S. S. tool and hence the stresses 
required to deform it are greatly reduced, in this way thermally weakened 
layers of H. S. S. are deformed at a low strain rate in the direction of chip 
flow, resulting in the removal tool material by superficial plastic 
deformation. 
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It was further established by Wright and Trent 
(145) 
that the 
same wear mechanism was operative on the rake face of tools used to 
turn En8 (0.45%C) and austenitic stainless steels at a cutting speed 
of 30 m min-l leading them to conclude that increasing the amount of 
carbon and other alloying elements in the workpiece material, causes 
a marked decrease in the cutting speed at which superficial plastic 
deformation occurs. 
Opitz and Konig(135) and Doyle 
(15`n 
have also observed plastic 
deformation near/on'both the rake and flank faces of worn tool sections 
in their work; supporting the work of Wright and Trent. 
6.1.5 Tool life 
The criterion most often employed to define the life of H. S. S. 
cutting tools are those recommended by the International Organisation 
for Standardisation (I. S. O. )(171) which are listed below: 
(1) Catastrophic failure 
(2) If flank wear is even, an average flank wear land 
length of 0.3 mm 
(3) If the flank wear is irregular, scratched, chipped or badly 
grooved, a maximum flank wear land length of 0.6 mm 
Tool lives normally in minutes, have been determined for different 
machining conditions, with the effect of cutting speed the most commonly 
investigated parameter. The results obtained 
(135,172,173) 
show that tool 
life decreases significantly with cutting speed. 
The results obtained in such investigations have normally been 
plotted on log-log scales (Taylor tool life curves) in order to allow 
the prediction of tool life at particular cutting speeds. However, 
Trent (131) has objected to the. use of such curves as a means of relating 
tool life to cutting speed because their extrapolation to lower cutting 
speeds suggests that tool life would effectively become infinite i. e. 
the tools would never wear out. Clearly such extrapolations are not 
valid particularly since. it is known that tool wear rates can increase at 
lower cutting speeds because of other wear mechanisms coming into play. 
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6.2 TiC Coated H. S. S. Tools 
Ideally, this section would have been concerned only with the 
effect of chemically vapour deposited TiC coatings on the cutting 
properties of H. S. S. turning tools. However, as indicated earlier 
very few cutting investigations have been carried out with such tools, 
only that by Schintlmeister et a1(77,174) reporting in any detail. 
For this reason, although they are not directly relevant to the present 
work, the investigations of Akasawa et al(5) and Young et al(7), of 
the effect of chemically vapour deposited TiC-based multilayer-coatings 
on the cutting performance of H. S. S. tools are also included in this 
section. Furthermore, three studies of the cutting properties of 
H. S. S. turning tools coated with TiN by C. V. D. 
(9,14,15,150) 
will also 
be considered since the same P. M. H. S. S. inserts as used in the present 
work were employed in two of these 
(9,14,15), 
and similar inserts em- 
(150) 
ployed in the third. 
6.2.1 TiC coating 
In the work carried out by Schintimeister et a1(77,174) M44 grade 
H. S. S. cutting tool inserts, produced from wrought H. S. S. bar stock, 
were coated with a 5pm thick TiC coating by C. V. D. After coating the 
inserts were heat treated to harden and temper their H. S. S. substrate. 
From optical examination of metallographic cross-sections through the 
heat treated, coated inserts, it was concluded that this heat treatment 
did not significantly affect the TiC coating. In order to elucidate +hp 
effect of the coating on the cutting properties of the H. S. S. inserts, 
both uncoated and TiC coated inserts were used to turn Styria G4 (0.7%C) 
steel workpiece material at a cutting speed of 40 m min-1 with a feed 
and depth of cut of 0.24 mm rev and 2.0 mm respectively. It was found 
that the uncoated inserts exhibited a tool life of 2 minutes at which 
point severe cratering was observed. In the case of the TiC coated 
inserts no measurable wear was detected after cutting for 2 minutes and 
only 0.07 mm of flank wear after cutting for 8 minutes. In addition it 
was found that the presence of the TiC coating reduced the vertical, 
axial and radial tool forces by some 10 to 30% relative to the uncoated 
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inserts and also decreased tool force fluctuations, the latter being 
attributed by Schintlmeister et al to galling in the case of the un- 
coated inserts. No coherent reasons were given to explain these 
results other than to comment that the TiC coating reduces wear by 
adhesion, abrasion, diffusion and corrosion. 
6.2.2 TIC-based multilayer coatings 
In their work, Akasawa et a1(5) investigated the effect of a 
TiC/TiN multilayer coating on the cutting properties of SKH9 and SKH55 
grade H. S. S. thread chasers whilst Young et al 
(7) 
studied the effect 
of TiC/TiN, TiC/Ti(C, N) and TiC/Ti(C, N)/TiN multilayer coatings on the 
tool life of M7 grade H. S. S. twist drills. 
In the former investigation, uncoated and TiC/TiN coated H. S. S. 
thread chasers were used to cut low carbon steel workpiece material at 
a cutting speed of 95 m min 
1 
and a feed and depth of cut of 0.15 mm 
rev-' and 1.0 mm respectively in the presence of a coolant. It was 
found that the presence of the TiC coating led to a substantial reduct- 
ion in tool wear. After cutting with the uncoated tools for 1.2 minutes, 
the average flank wear land length was 200um whereas after cutting with 
the coated tools for 16 minutes the flank wear land length was observed 
to be smaller than this. The presence of the coating was additionally 
observed to have caused reductions in chip/tool contact length, average 
cutting temperature and workpiece surface roughness. In apparent con- 
trast to Schintlmeister et a] 
77'174 
Akasawa et al observed that the 
obligatory post-coating H. S. S. substrate heat treatment produced cracks 
in the coating which they attributed to the different coefficients of 
thermal expansion of the coating and H. S. S. substrate. It was suggested 
that the presence of these cracks increased the possibility of coating 
spalling during, cutting and that this effect could be reduced by 
employing thinner coatings, although a minimum coating thickness was 
required if the tools were to retain their wear resistance. Akasawa et 
al consequently, 
tr 
recommended an optimum coating thickness of between 3 
and 5pm which compares reasonably well with the minimum effective coating 
thickness of greater than 2pm specified by Young, et al(7).. 
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In the work carried out by Young et al 
(7) 
uncoated and TiC/TiN, 
TiC/Ti(C, N) and TiC/Ti(C, N)/TiN multilayer coated M7 grade H. S. 
S. 
drills were used to drill holes through a 12.5 mm thick modified 
AISI 
4130 steel plate with a hardness of 32-35 RC, until fracture occurred. 
Cutting was carried out in the presence of coolant. 
It was found that 
whilst the application of a 9-10.5um thick TiC/TiN coating and a 
5.0- 
5.2pm thick TiC/Ti(C, N)/TiN coating increased tool life tenfold, a 
TiC/Ti(C, N) coating with a thickness of 1.8-2.211m had a 
detrimental 
effect on tool life. The reason for the poor performance of 
the 
latter was unclear although it was suggested that the coating 
did not 
meet the minimum thickness requirement of greater than 
2pm. 
6.2.3 TiN coating 
The work carried out by Walker and Dickinson 
(9), 
Whittle 
(14,15) 
and Milovic et al 
(150) 
on the effect of a chemically vapour deposited 
TO coating on the cutting properties of P. M. H. 
S. S. inserts will be 
considered in this section for the reason explained previously. 
ý14'15) 
1. Whittle 
In the work by Whittle, three main series of cutting tests were 
carried out to investigate the effect of a 51im thick chemically vapour 
deposited TO coating on the cutting properties of P. M. BT42 grade H. S. S. 
inserts. All the tests were performed in the presence of a coolant at a 
feed and depth of cut of 0.254 mm rev 
1 and 2.0 mm respectively, using 
cutting speeds of 30,37.5,45 and 52.5 in min-' for the uncoated inserts 
and 37.5,45,52.5 and 60 m min 
1 for the TO coated inserts. The work- 
piece material used was fully annealed 817 M40 (En24) alloy steel of 
hardness 210 HV30. In the first series of tests, carried out to determine 
tool lives cutting was simply continued uninterrupted until catastrophic 
tool failure occurred.; The second series of tests were also continued to 
catastrophic failure, however, in these tests, cutting was interrupted at 
regular intervals in order to facilitate measurement of the maximum 
crater depth, average crater width, average flank wear land length and 
maximum b. u, e. height. For the third series of tests a three component 
tool force dynamometer was employed. These tests were interrupted at the 
same intervals as employed in the second series but were discontinued 
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shortly before catastrophic failure was due to occur. Immediately 
prior to each interruption, measurements were made of the vertical, 
axial and radial tool forces, with the surface roughness of the work- 
piece being determined at each interruption. 
It was evident from the tool life tests that the application of 
the TiN coating had brought about a marked increase in tool life which 
varied only slightly with cutting speed from a median level of 2.5 times. 
From the second i. e. tool wear series of tests it was established that 
the presence of the TIN coating had not only reduced the rate of steady- 
state flank. wear by a factor of between 15 and 60 times but also com- 
pletely changed its progression with cutting speed. In addition, despite 
the fact that the TiN coating was found to be worn through on the rake 
face of the inserts almost immediately after commencement of cutting, 
it was found that its presence had led to a reduction in steady-state 
crater wear rates of between 3 and 4 times. The b. u. e. measurements 
obtained further revealed that the application of the TO coating, had, 
in general, reduced the size of b. u. e. formed on the inserts during 
cutting. From the third i. e. tool force series of tests it was found 
that the TO coating had brought about a marked reduction in both vertical 
and axial tool forces and apparent coefficient of friction and an 
improvement in workpiece surface finish. 
The reduction in vertical and axial tool forces and apparent 
coefficient of friction on the rake face, arising from the application 
of the TO coating, was attributed by Whittle to the smaller length of 
chip/tool contact on the TO coated inserts resulting from their increased 
resistance to, crater wear. Whittle pointed out that similar reductions 
in chip/tool contact length have been cited 
(150) 
as the reason for the 
lower rake face temperatures found to be generated on TiN coated as 
opposed to uncoated H. S. S. inserts. He then further concluded that since 
catastrophic failure of both the uncoated and TO coated inserts in his 
work were characterised by gross plastic deformation of the tool nose, 
the increase in tool life brought about by the presence of the TiN coat- 
ing originated from the reduced crater wear of the coated inserts, 
through its effects on chip/tool contact length and hence tool forces and 
temperatures. Given the well known relationship between b. u. e. size and 
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workpiece surface finish (see Section 6.1.1) it was also suggested 
that the smaller b. u. eäs observed on the TiN coated inserts accounted 
for the improvement in workpiece surface finish obtained when cutting 
with these inserts. 
In order to more fully explain the effect of the TO coating on 
tool wear, Whittle examined metallographic sections through worn 
uncoated and TO coated inserts and, in addition, carried out a further 
series of subsidiary cutting tests using the technique previously 
developed by Childs and Smith 
(151) 
(see Section 6.1.3), in order to 
investigate the effect of the TO coating on b. u. e. stability. 
With regard to crater wear it was observed on the metallographical 
sections through the worn crater surface of the coated inserts, that 
the coating at the rear of the crater was tapered in a direction towards 
the centre of the crater. This led to the conclusion that after the 
coating is penetrated the chip continues to be supported by the coating 
at the rear end of the crater, the hard coating edge present there 
also effectively acting as a chip breaker, these two mechanisms combin- 
ing to reduce crater wear in the case of the TiN coated inserts. 
Turning now to flank wear, Whittle found from the subsidiary 
b. u. e. stability tests that the application of the TiN coating brought 
about a significant change in b. u. e. stability and further established 
that this was responsible for the marked change in progression of flank 
wear rate with cutting speed brought about by the application of the 
TO coating. He proposed that the accompanying significant reduction 
in flank wear rate was attributable to changed b. u. e. fragment/tool 
flank interaction, reflected in the significantly different dimension- 
less flank wear coefficients determined for the uncoated and TiN coated 
inserts. With'respect to these coefficients and to the nature of the 
worn flank surfaces observed on the metallographic sections through the 
uncoated and TIN coated inserts, it was tentatively concluded that the 
flank wear mechanism on' the uncoated inserts was mild adhesive in nature 
occurring by the removal of surface oxide films and that on the TO 
coated inserts it was possibly a micro-fatigue mechanism. It was further 
proposed that the lower coefficient of friction between TO and steel ^. T 
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(c. f. H. S. S. and steel) and the high hardness and chemical stability 
of the TIN coating were important factors in this respect. 
Finally, Whittle carried out further tool life and tool wear 
tests at cutting speeds of 45 and 52.5 m inin 
1 
respectively, using 
the other conditions previously defined, in order to determine the 
effect of coating thickness on the tool life and flank and crater wear 
of the TIN coated P. M. BT42 grade H. S. S. inserts. It was found that 
increasing the thickness of the TIN coating from -2.5 to -8pm resulted 
in a doubling of tool life and, in addition, the steady-state crater 
wear rate fell by some 80%. In contrast, only a slight decrease in 
the steady-state flank wear rate was observed for an increase in coating 
thickness from -2.5 to -4.5pm, further increase in coating thickness 
having little effect. 
2. Walker and Dickinson(q) 
In the work by Walker and Dickinson the effect of an experimental 
chemically vapour deposited TiN coating on the cutting properties of 
P. M. BT6 grade H. S. S. inserts was studied in two series of cutting 
tests in which uncoated and TO coated inserts were used to turn annealed 
En8D workpiece material in the presence of a coolant at a feed and depth 
of cut of 0.254 mm rev 
1 
and 2.5 mm respectively. - In the first series 
of tests, carried out at cutting speeds of 30,45 and 60 m min 
1 
cutting 
was continued uninterrupted for a constant spiral cut length of 450 m 
after which average flank wear land length, maximum crater-depth and 
maximum b. u. e, height were determined. In the second series of tests, 
carried out at cutting speeds of 45 and 60 m min 
1, turning was interr- 
upted at regular intervals to catastrophic failure, with measurements 
of the average flank wear land length, maximum crater depth and maximum 
b.. u. e. height made at each interruption. Finally, in order to ascertain 
the degree of improvement in usable cutting speed offered by the TiN 
coating, the tool life to catastrophic failure of the TiN coated inserts 
was determined at a cutting speed of 75 m min 
1. 
In all the cutting tool tests it was observed that the TiN coated 
inserts exhibited little or no flank wear and showed a marked improve- 
ment in crater wear resistance relative to the uncoated inserts, these 
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factors combining in one particular case to increase the tool life 
by over 16 times. From the second series of tests it was found that 
a short delay preceded the onset of crater wear, but once the latter 
had begun the TiN coating was worn through quite quickly; nevertheless, 
the crater wear rate continued to be considerably reduced. Furthermore, 
the b. u. e. height measurements showed that the b. u. e. 's formed on the 
TO coated inserts were smaller than those on the uncoated inserts. 
The virtual elimination of flank wear on the TO coated inserts 
was found to be difficult to explain. However, the behaviour of the 
b. u. e. was considered by Walker and Dickinson to be important in this 
respect. Since, as previously described, the b. u. e: s were found to be 
smaller on the TiN coated inserts than on the uncoated inserts, it was 
suggested that fewer b. u. e. fragments would be dragged down the flank 
face to cause wear in the manner described by Childs and Smith 
(151) 
(see Section 6.1.3), with the inherent high wear resistance of the TiN 
coating diminishing the effect of those fragments that were. The 
smaller b. u. e. 's on the TiN coated inserts were also associated with an 
improvement in workpiece surface finish observed with these inserts. 
It was further proposed by Walker and Dickinson that the delay in 
the commencement of crater wear of the TiN coated inserts was due to 
the TiN coating reducing wear by adhesion and diffusion in addition to 
increasing resistance to oxidation and galling. After coating break- 
through the reduced crater wear relative to the uncoated inserts was 
accounted for by the so called 'bridging' support theory originally 
proposed for coated cemented carbide tools (see Section 6.3.3). 
Finally, it was suggested that the coated insert tested at 75 m 
min probably failed due to softening and subsequent plastic deformation 
of the H. S. S. substrate, the latter being unable to support the TO 
coating, with the insert being more affected by heat generation in 
turning than by the ability of the TO coating to reduce wear. 
It is evident that the results obtained by Walker and Dickinson 
are similar to those obtained by Whittle in his work, although there are 
differences in the magnitude of the effects of the TiN coating (e. g. tool 
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life). It is suggested that these can be attributed to the different 
workpiece materials used. 
3. Milovic et al 
(150) 
In the work by Milovic et al two main series of cutting tests 
were carried out on 0.15%C leaded steel workpiece material both for 
a period of 30 seconds. In the first series of tests performed with 
uncoated and TO coated inserts produced from BM42 grade H. S. S. bar 
stock, at cutting speeds in the range 170-275 m min 
1, the effect of 
the TiN coating on tool temperature distribution and maximum rake face 
temperature was investigated using the metallographic changes tech- 
nique developed by Wright and Trent(159). In the second series of 
tests carried out with uncoated and TO coated P. M. BT42 grade H. S. S. 
inserts the effect of the TiN coating on tool forces was studied. 
From the results of the first series of tests it was found that 
the application of the TiN coating reduced the size of the h. a. z. to 
about half that of the uncoated inserts and also significantly reduced 
the maximum rake face temperature. Milovic et al attributed these 
effects to the smaller chip/tool contact length observed on the TO 
coated inserts compared to that of the uncoated inserts. This was also 
suggested to be responsible for the maximum rake face temperature of 
the TiN coated inserts occurring closer to the cutting edge. With regard 
to the second series of tests, it was found that not only were the 
vertical and axial forces reduced by the presence of the TO coating, 
but also, in contrast to the findings of Whittle(14,15) (see Section 
6.2.3 
. 
1) a similar reduction was observed in the radial tool force. 
These observations were attributed'to the aforementioned reduced chip/ 
tool contact length on the TO coated inserts. 
In addition it was found, when machining at low cutting speeds 
at which a b. u. e. formed'(15-75 m min 
1), that the presence of the 
-b'. u. e. significantly affected the tool forces for both the uncoated 
and TO coated inserts in a similar manner to that previously observed 
for H. S. S. tools (see Section 6.1.2.1). Furthermore, in the b. u. e. 
cutting speed range it was found that severe damage occurred to the 
TO coating on the rake face of the coated inserts, however, increasing 
the cutting speed to 90 m min 
1 
resulted in these inserts cutting 
successfully with no sign of damage. Consequently Milovic et al 
recommended that the TiN coated inserts should not be used at cutting 
speeds at which b. u. e, formation occurs. 
6.3 TiC Coated Cemented Carbide Tools 
Consideration will now be given to some of the numerous studies 
carried out to determine the effect of a chemically vapour deposited 
TiC coating on the cutting properties (during turning) of cemented 
carbide cutting tool inserts, with particular respect to tool life, 
tool wear and tool forces and temperatures. The effect of coating 
thickness will also be considered. As mentioned in the introduction 
to this chapter it is felt that such a review may help to give an in- 
sight into any improvements in cutting properties found to arise from 
the application of the TiC coating to the P. M. BT42 grade H. S. S. inserts 
in the present work. 
6.3.1 Tool life 
Many workers 
(17,29,49,51,66,78,79,81,175-183) have investigated 
the effect of a chemically vapour deposited TiC coating on the tool 
life of cemented carbide cutting tool inserts. Unfortunately a direct 
comparison between the tool life results obtained by different workers 
is often not possible. The reasons for this are twofold; firstly, in 
many cases the tool life tests in particular investigations have been 
carried out using different cutting conditions and secondly, these tests 
have been performed with different grades of cemented carbide inserts. 
A further complication' arises from the use of different tool life 
failure criteria. With regard to the latter, although a flank wear 
criterion has been most commonly employed, usually defined in terms of 
the time taken for an insert to exhibit an arbitrarily chosen amount of 
flank wear; ' crater depth (KT)(78'177) and volumetric/weight loss(177) 
criteria have also been used. 
In view of the preceding remarks, it is of no surprise to find 
that the tool lives reported in the literature for TiC coated cemented 
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carbide inserts, relative to uncoated inserts, are particularly 
divergent. For example, whilst it has been reported 
(176,180) 
that 
the application of a TiC coating to cemented carbide inserts can 
bring about increases in tool life of an order of magnitude, it has 
also been found elsewhere 
(791176,180) 
that the use of TiC coated 
inserts in rough machining operations can seriously limit the gain in 
tool life; it being indicated in one investigation 
(176) 
that their 
use for the interrupted cutting of steel workpiece material resulted 
in tool lives less than for uncoated inserts. Furthermore, it has 
been found that the presence of cobalt in the coating can have a detri- 
mental effect on the tool life of TiC coated inserts(29151,181). From 
several investigations in which the results of more extensive cutting 
tests carried out over a wide range of cutting conditions were reported, 
it can be concluded that tool life increases of 3 to 4 times are more 
realistic(79,180,182,183). 
In more detailed studies(17,49,66,78,81,175,177-179) on the effect 
of cutting speed on the tool life of TiC coated cemented carbide 
inserts, when turning steel and cast iron workpiece material, it was 
established that the increased tool life of the TiC coated inserts 
relative to the uncoated inserts was approximately constant over the 
cutting speed range investigated; increases in tool life ranging from 
1.5 to 11 times having been found. 
It is apparent from the work cited that a substantial increase in 
tool life is brought about by the application of a chemically vapour 
deposited TiC coating to cemented carbide inserts. In the majority of 
cases this was associated, with the coatings ability to resist and reduce 
wear. This is dealt with in the following two sub-sections. 
6.3.2 Flank wear 
Many workers have-investigated the effect of a chemically vapour 
deposited TiC coating on the flank wear of cemented carbide cutting tool 
inserts (17,19,29,49,66,162,177,179,180,182,184-189) with the results 
obtained usually being presented as flank wear versus cutting time 
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curves. The curves presented in a number of cases 
(29966,162,182) 
can be seen to have a similar form to typical flank wear curves 
presented for uncoated H. S. S. tools (see Section 6.1.3 and Figure 6.7). 
With one exception 
(187) 
, the TiC coated and uncoated inserts used in 
these investigations were tested at high cutting speeds relative to 
H. S. S. tools and consequently b. u. e. formation and its effect on flank 
wear (see Section 6.1.3) was not significant. The work by Jonsson(185) 
however, was concerned with the cutting properties of uncoated and TiC 
coated cemented carbide inserts in the b. u. e. cutting speed range. 
This study will be dealt with at the end of the present section. 
It is evident from all the investigations cited that the applica- 
tion of a TiC coating to cemented carbide inserts brings about a sig- 
nificant reduction in flank wear. Whilst quantitative data on the 
magnitude of the reduction are scant it would appear from some of the 
results presented in these investigations that reductions of the order 
of 10 to 20 times can be expected 
(66,180,188). 
In other cases, however, 
although such an assessment is difficult to make due to the small 
amount of flank wear observed on the TiC coated inserts it is apparent 
that even 
(184,186,187) 
latter greater reductions have occurred . The l 
is substantiated to a certain extent in the work by Dearnley and Trent 
(19) 
in which uncoated and TiC coated cemented carbide inserts were used to 
turn En8 steel workpiece at cutting speeds of 183,244 and 305 m min-1 
using a feed and depth of cut of 0.25 mm rev-1 and 1.27 mm respectively. 
In their work, tool wear was allowed to build up gradually by cutting 
with the inserts for a period of between 2.5 and 5 minutes, after which 
approximate flank wear rates were calculated for both types of insert 
by dividing the 'depth' of flank wear by the cutting time. It was found 
that the approximate flank wear rates tor, the TiC coated inserts were 
between 28 to 57 times less than those for the uncoated inserts. 
It has been proposed by different workers that the significant 
reduction in flank wear of cemented carbide inserts brought about by 
the application of a, chemically vapour deposited TiC coating is due to 
the coating's ability to resist wear by diffusion 
(19,49,79,180,182,189) 
(29,179,189)ý (1800185) 
abrasion and adhesion with its resistance to 
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oxidation playing a contributory part(66ý179). Several of these 
workers have attempted to provide more detailed explanations of the 
effect of a chemically vapour deposited TiC coating on the flank 
wear of cemented carbide inserts in terms of the wear mechanisms 
observed. However, since in most cases the individual cutting speeds 
used were well in excess of the cutting speed range over which H. S. S. 
tools are normally used, the explanations proposed are unlikely to be 
of relevance with regard to the present work and hence will not be 
considered. An important exception to this is the study carried out 
(187) 
by Graham and dale, 
In the investigation by Graham and Hale 
(187), 
uncoated and TiC 
coated inserts were used to turn AISI 1045 steel workpiece at 197 m min 
using a feed of 0.25 mm rev 
1. Some of the TiC coated inserts used in 
these tests had the TiC coating removed from either their rake or 
flank faces, by grinding off the coating from the expendable face and 
then rehoning the cutting edges to a radius of 50pm. It was found 
that whilst the inserts coated on their flank face only, exhibited a 
flank wear rate similar in magnitude to that of the fully coated inserts, 
the inserts coated on their rake face only, exhibited a flank wear rate 
similar in magnitude to that of the uncoated inserts. This was 
said to show that the coating needed only to be present at the bottom 
of the flank wear scar in order to obtain a flank wear rate similar to 
that of a fully coated insert. It was further suggested that the TIC 
coating reduced flank wear as a result of a critical contact zone be- 
tween the flank side of the cutting edge and the steel workpiece at the 
bottom of the wear scar. When this region is coated with a compound 
having a high abrasion resistance, high chemical stability and a thick- 
ness of at least 5pm, they suggested that the critical contact between 
the workpiece and the tool cutting' edge is born completely by the coat- 
ing; the coating behaving as an efficient bearing surface acting to 
support'the feed''force and the development of'flank wear. 
Turning now, to the aforementioned study by Jonsson(185), in his 
investigation uncoated and TiC coated inserts were used to turn 0.7%C 
steel workpiece at cutting speeds ranging from 5 to 100 m min 1, with a 
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feed and depth of cut of 0.315 mm rev-1 and 2 mm respectively. Whilst 
it was found that the flank wear on the TiC coated inserts was signi- 
ficantly less than that on the uncoated inserts over most of the cutting 
speed range employed, it was also evident that the variation of flank 
wear with cutting speed for both types of insert was considerably 
modified by the presence of a b. u. e. For cutting speeds below 15 m min 
1 
no b. u. e. 's formed and the flank wear of the uncoated and TiC coated 
inserts was low. Increasing the cutting speed resulted in an increase 
in the flank wear found on the inserts with a maximum occurring at 40 m 
min 
1, coinciding with the presence of large b. u. e. s. Further increase 
in cutting speed was found to produce a decrease in the flank wear on 
the TiC coated inserts which was associated with the absence of adhering 
workpiece material and b. u. e. 's. This was in contrast to observations 
made on the uncoated inserts. For the latter after a decrease in the 
flank wear, further increase in the cutting speed was again accompanied 
by an increase in flank wear. These trends are similar to those previous- 
ly observed by Opitz and Konig(135) and Childs and Smith 
(151) 
for the 
flank wear of uncoated H. S. S. tools (see Section 6.1.3). Jonsson also 
found that increases in cutting speeds above -30 m min 
1 
resulted in 
continuous improvements in workpiece surface finish. 
It was suggested by Jonsson that the reduction in flank wear 
brought about by the application of the TiC coating arises from the 
coatings ability to lower the level of diffusion occurring between the 
tool and work material, thus lowering the strength of the TiC coating/ 
b. u. e. bond. He added that a consequence of strong adhesion between 
the uncoated tool and b. u. e. is the detrimental effect this has when 
the b. u. e, is loosened, the latter possibly taking with it parts of the 
tool as it detaches and,,. in this way, increasing the rate of tool wear. 
6.3.3, Crater wear 
As with flank wear, the effect of a chemically vapour deposited 
TiC coating on the crater wear of cemented carbide cutting tool inserts 
has been studied'by, many workers 
(17,19149,66,79,81,176,177,180,188, 
190-193) Whilst different cutting conditions have been used in the 
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majority of these investigations, in most cases the increase in 
crater depth with cutting time has been monitored for both uncoated 
and TiC coated inserts. In one case 
(193). 
however, the increase in 
crater width with cutting time was measured and in the work by Dearnley 
and Trent 
(19) 
approximate rake face wear rates were determined by 
dividing the crater depth by the cutting time, the crater depth being 
measured from met allographically preparedcross-sections through the 
rake face of worn inserts. It is evident from the results of all the 
works cited, that the application of a TiC coating to cemented carbide 
inserts brings about a significant decrease in crater wear rate. 
Whilst little reference is made to the magnitude of the reduction in the 
literature, it is evident from the results presented in some of the 
investigations 
(176,177,190) 
that the crater wear rate had been reduced 
by some 2 to 10 times. The latter are substantially-less than the 
(19) 
In their work it was found, values obtained by Dearnley and Trent . 
using the cutting conditions detailed in the previous section, that the 
approximate crater wear rates for the TiC coated inserts were between 
78 to 111 times less than those for the uncoated inserts. 
Under the particular conditions employed in their cutting tests 
a number of workers found that a significant period of time elapsed 
before the TiC coating was broken through on the rake face of the 
(189,193) 
coated inserts In addition some workers found that even 
after coating breakthrough, crater wear of the TiC coated inserts con- 
tinued to be retarded relative to the uncoated inserts 
(19,187) 
In 
constrast, it is apparent from the results presented by other workers 
that some time after coating penetration. an abrupt/rapid increase in 
crater wear rate has>occurred(179,188) 
Few of the investigators cited have given a coherent explanation 
for the significant decreases in crater wear rate brought about by the 
application of a TiC coating, it simply being stated, as with flank 
wear, to be due to the coatings ability to resist wear by diffusion (79, 
180,182) 
, abrasion(180) and'adhesion(180) with the oxidation character- 
istics of. the coating also being stated to be of significance in this 
(49,51,176,177) 
respect -Several workers have however, attempted 
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to explain the reductions observed in the crater wear of TiC coated 
cemented carbide inserts with emphasis placed on the possible opera- 
ting wear mechanism(s). Since in most cases the individual cutting 
speeds employed in their tests were well in excess of the cutting 
speed range over which H. S. S. tools are normally used, mechanisms 
proposed prior to coating break-through are unlikely to be of relevance 
with regard to the present work and hence will not be considered further. 
An exception to this is the investigation by Chubb and Billingham which 
is dealt with below. In contrast, the continued retardation of crater 
wear after coating penetration has been attributed to a number of mech- 
anisms(17,81,177,178,187,194) and these will be considered in some 
detail. 
(189) 
In the investigation by Chubb and Billingham, TiC coated 
cemented carbide inserts were used to turn En24 workpiece material at 
a cutting speed of 244 m min 
1 and a feed and depth of cut of 0.185 mm 
rev 
1 
and 2 mm respectively. An S. E. M. was used to examine the worn 
rake surface of TiC coated cemented carbide inserts. As a result of 
their observations, Chubb and Billingham proposed that the removal of 
the TiC coating from the rake face wasa consequence of small pieces of 
steel workpiece material first becoming adhered to the coating and 
then subsequently being welded back to the chip. As the chip traverses 
the rake face the small pieces of workpiece material were suggested to 
be removed, pulling out with them small fragments of attached coating. 
After the onset of this process, wear of the TiC coating was enhanced 
by thermal cracking caused by temperature gradients in: the region. As 
turning was continued these processes increased as the surface rough- 
ness of the coating was increased by the formation of grooves and holes, 
the latter allowing more steel workpiece material to adhere and hence 
more particles of coating to be removed. Once the coating had been 
removed from a specific area the steel workpiece was found to adhere to 
the substrate and from this point on wear by diffusion was suggested 
to play a more important, part. 
With regard to the mechanisms responsible for the decreased crater 
wear of'TiC coated inserts, relative to uncoated inserts, after coating 
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break-through, Snell 
(81) 
proposed that the temperatures in the cutting 
zone are sufficiently high (1100 - 1300°C) to soften the TIC layer, 
encouraging plastic flow and adherence of the coating to the chip. 
In this way, it was suggested, the adhered coating is transferred to 
the crater where, as a result of separation or fracture, parts of the 
coating form a diffusion barrier preventing diffusion of cobalt from 
the matrix to the chip/tool interface, which would normally weaken the 
matrix resulting in the subsequent removal of carbide grains. The 
evidence presented to support this was in the form of S. E. M. micro- 
graphs of the crater region of the tool which were claimed to show that 
the TiC coating was continuous and had 'flown' in the direction of the 
chip. 
In contrast, however, it was contended by Lee and Richman 
(194) 
that if the TiC coating flows plastically and is transported to the 
crater there is a high possibility that some of the adhered chip 
material would also flow with it and this mixture of TiC and steel 
would not make an effective coating. Furthermore, if unfavourable stress 
conditions were present, then chip material could fill'in the bottom 
of the crater and such a situation would favour active diffusion which 
in time would lead to very unfavourable conditions of crater wear. 
A similar mechanism to that of Snell's was proposed by Colding(17, 
177) 
° He suggested that once the TiC coatin is broken through, g" parts 
of the coating from a region close to the cutting edge are transported 
into the crater where they pick up WC from the tool substrate forming 
a relatively thick diffusion barrier which prevents diffusion of matrix 
constituents. Colding added that eventually a point is reached when 
no TiC is left at the cutting edge and hence further reinforcement of 
the diffusion barrier is not possible; from this point on the crater 
wear rate of the coated inserts increasing to that of the uncoated inserts. 
An alternative mechanism for the continued crater wear resistance 
of the TiC coated cemented carbide inserts after coating penetration 
was forwarded by Graham and Hale(187)o They proposed that once the 
coating isbroken'through the chip continues to be supported by the 
coating at the periphery of the crater. This mechanism has also been 
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suggested by Colding(17,177) the latter worker additionally proposing 
that the rear end of the crater may act as a chip breaker due to the 
hard coating edge present there. Finally, although it is considered 
unlikely for TiC coated H. S. S. tools, the mechanism put forward by 
Venkatesh et al 
(178) 
and Srinivasan et a1(195) is of interest. 
These workers established from examination of metallographic sections 
through worn coated cemented carbide inserts, that even after a crater 
depth corresponding to the thickness of the coating had been exceeded 
the coating was still retained, intact, on the rake surface of the 
tool In the crater region. Cratering in this way was stated to occur 
by plastic deformation of the cemented carbide substrate, which also 
caused a bulge on the flank face. 
6.3.4 Tool forces 
A number of workers have investigated the effect of a chemically 
vapour deposited TiC coating on the tool forces acting on cemented 
carbide cutting tool inserts as a function of both cutting speed 
(640 
77,162,174,184,185) (17,49,81,176,177) Consideration and cutting time 
will first be given to the former investigations. 
In two investigations by Schintimeister et al(7? 
'74) 
the effect 
of a TiC coating on the tool forces for cemented carbide inserts was 
studied in turning tests on Gl0 (DIN No. 1.1121) and G4 steel workpieces 
using a feed and depth of cut of 0.3 mm rev 
1 
and 2 mm in both cases. 
Whilst in the former study, coated and uncoated inserts were tested over 
the cutting speed range 50 to 350 m min 
1, 
a range of 20 to 200 m min 
was used in the latter. With regard to the first investigation it was 
found that an essentially linear relationship existed between the tool 
forces and cutting speed for both types of insert tested, with the 
tool forces decreasing with increasing cutting speed. The tool forces 
for the TiC coated inserts were, found to be only slightly lower than 
those for the uncoated inserts. In, contrast the results of the second 
study showed that there was a, significant reduction in all three tool 
forces when, cutting with the coated inserts compared to the uncoated 
inserts over the entire cutting speed range investigated, the reductions 
being particularly pronounced at lower cutting speeds. This is exempli- 
fied by the results of an additional test carried out with the coated 
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and uncoated inserts using a feed and depth of cut of 0.24 mm rev 
1 
and 2 mm respectively at the cutting speed of 40 m min-1, it being 
found that the vertical, axial and radial tool forces were reduced 
by 28%, 21% and 7.5% respectively when turning with the coated inserts 
relative to the uncoated inserts. 
These results are corroborated to a certain extent by the work 
(64) (184) 
of Cho and Chun and Chattopadhyay and Chattopadhyay, In the 
former investigation in which C-15 steel workpiece material was turned 
with TiC coated and uncoated cemented carbide inserts, at a feed and 
depth of cut of 0.25 mm rev 
-1 and 2.0 mm respectively, it was observed 
that the feed force for the TiC coated inserts was significantly less 
than for the uncoated inserts over the entire cutting speed range. 
This reduction was particularly pronounced at the higher cutting speeds 
employed. Similarly in cutting tests with TiC coated and uncoated 
cemented carbide inserts on AISI 1045 steel workpiece material at feeds 
of 0.2 and 0.3 mm rev-' and depths of cut of 0.5 and 0.9 mm, it was 
found by Cho and Chun 
(64) 
that whilst the vertical tool force was 
similar for both the TiC coated and uncoated inserts, the axial and 
radial forces for the former were reduced by 30% and 18% respectively. 
In addition, whilst the vertical forces remained almost constant with 
cutting speed, the axial and radial forces first decreased slightly, 
up to a cutting speed of 150 m min 
1 
and then began to increase. This 
increase was considered by Cho and Chun to reflect the rapid increase 
in wear of the coated and uncoated inserts. 
Similar, reductions in_tool force(s), relative to uncoated inserts, 
when turning with TiC_coated inserts have been observed by Fowler 
(162) 
and Jonsson(185) and-, both-attributed-the, reductions to the improved 
frictional conditions, between the TiC. coating and, the workpiece. 
With regard to the workers who have studied the effect of cutting 
time on the tool forces for TiC coated and uncoated cemented carbide 
inserts, as with cutting speed, in all cases it was found that sub- 
stantial reductions in tool forces resulted when machining with the TiC 
coated as opposed to the uncoated inserts. Though few workers gave 
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coherent explanations for the variations in tool forces which they 
observed with cutting time, in all cases the reason advanced to 
explain the reduction brought about by the TiC coating was that it 
causes an improvement in the frictional conditions existing at the 
tool/workpiece interface(17,49,81,176,177) 
In the work by Snell 
(81) TiC coated and uncoated cemented carbide 
inserts were used to machine 0.45%C steel workpiece at a cutting speed 
of 140 m min-' using a feed and depth of cut of 0.4 mm rev-1 and 2.5 mm 
respectively. It was found that the TiC coating caused a significant 
reduction in the vertical, axial and radial tool forces with the spec- 
ific cutting force (i. e. vertical force divided by the chip cross- 
section) reduced by some 10 to 15%. The magnitude of the three forces 
was found to vary considerably with cutting time, the vertical force 
being found to experience a maximum after approximately 1.5 minutes of 
cutting followed by a progressive decrease up to a cutting time of 7.5 
minutes. As the cutting time increased still further the vertical force 
steadily increased. The changes in the vertical force within the first 
3 minutes of cutting were suggested by Snell 
(81) 
to be due to the 
changing frictional conditions associated with coating penetration and 
subsequent crater development. Similar results have been presented 
in work by Colding(177) in which cutting tests were conducted with the 
same grade of TiC coated and uncoated cemented carbide inserts as used 
by Snell. In Colding's work both types of inserts were used to turn 
AISI 1035 steel workpiece at cutting speeds of 160 and 352 m min 1 at 
feeds of 0.4 and 0.8 mm rev-' and a depth of cut of 2.5 mm. ' The varia- 
tion of vertical and feed forces was studied as a function of cutting 
time, it being found that both these forces were initially of the order 
of 10% less for the TiC coated'inserts and after considerable wear had 
developed the reductions rose to between 15 and 20%. Initial decreases 
in the two tool forces were attributed to crater wear development 
effecting an increase in the rake angle. 
6.3.5 Tool temperatures 
Many investigators 
(17,19,49,64,79,81, i62,176,177,180,182,196) 
have noted that the application of a chemically vapour deposited TiC 
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coating to cemented carbide cutting tool inserts results in a decrease 
in the tool temperatures generated during cutting. This has been 
attributed to reduced friction between the TiC coating and the work- 
piece material. Only a few of these workers 
(17,19,81,162,177) have, 
however, studied this effect in any appreciable detail, with the tool/ 
workpiece thermocouple method being used in all but one case(19) In 
the work by Dearnley and Trent 
(19) 
a metallurgical changes technique, 
analogous to that used to determine the temperature distribution in 
H. S. S. tools (see Section 6.1.2.2), was employed. 
Colding(17,177), Snell 
(81) 
and Fowler 
(162) 
all investigated 
the effect of cutting speed on the mean tool temperature generated 
when cutting with TiC coated and uncoated cemented carbide inserts. 
In the former work, carried out over a cutting speed range of 50 to 
200 m min 
1 using a feed and depth of cut of 0.4 mm rev 
1 
and 2.5 mm 
respectively, it was found that whilst the mean tool temperature of the 
TiC coated inserts increased with cutting speed, it was considerably 
lower than that of the uncoated inserts, with the difference in tempera- 
ture becoming greater at higher cutting speeds. These findings are 
corroborated by Snell 
(81) 
who found that when machining with TiC coated 
inserts under the same conditions as those used by Colding, the mean 
tool temperatures were 65°C and 115°C lower for the coated inserts than 
for the uncoated inserts, when machining at 50 and 200 m min-1 respect- 
ively. Both Colding(17) and Snell noted that no discontinuity in tool 
temperatures occurred when the TiC coating was broken through on the 
rake face. 
Similar results have also been found by Fowler 
(162) 
when'. machining 
with TiC coated and uncoated inserts in the cutting speed range of 
25 to 300 m min 
1, using a feed and depth of cut of 0.25 mm rev -1 and 
2.5 mm respectively. In this work care was taken to determine the 
temperature of the TiC coated inserts before the coating was penetrated 
on the rake face. Fowler found that the TiC coated inserts 'ran' 
particularly cooler at: lower cutting speeds, suggesting, however, that 
b. u, e. formation may have masked the hot junction between the tool and 
workpiece resulting in a lower indicated temperature. 
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In contrast to the previous work, in one of the most compreh- 
ensive investigations, Dearnley and Trent 
(19) 
studied the temperature 
distribution in, and the maximum temperature on the rake face of. TiC 
coated and uncoated iron-bonded cemented carbide inserts, the latter 
being employed specifically to facilitate use of the metallurgical 
changes technique. When cutting EnS steel workpiece at 183 m min 1 
with a feed and depth of cut of 0.25 mm rev 
1 
and 1.27 mm respectively, 
the maximum rake face temperature was found to be 1115 ± 25°C on the 
TiC coated inserts compared to 1125 ± 25°C on the uncoated inserts. 
In addition, the temperature distribution was found to be similar for 
both the coated and uncoated inserts. 
6.3.6 Effect of coating thickness 
The effect of coating thickness on the tool wear of TiC coated 
cemented carbide cutting tool inserts has been studied in several 
investigations (26,176,187). 
In the work by Ljungquist(176), TiC coated cemented carbide 
inserts having coating thicknesses between 1 and Bum were used to turn 
AISI C1045 steel workpiece at a cutting speed of 150 in min 1 using a 
feed and depth of cut of 0.4 mm rev-1 and 2.5 mm respectively. It was 
found that the tool life of the TiC coated inserts having a coating 
thickness of Sum was three times that of the insert with the thinnest 
coating. This increase in tool life was attributed to the increased 
wear resistance of the thicker coatings and is supported to a certain 
(26) (187) 
extent by the work of Platanov and Graham and Hale 
With regard to the former, it was determined when turning 
structural steel workpiece material with TiC coated cemented carbide 
inserts in the cutting speed range 170 to 190 m min 1, that the flank 
wear decreased considerably with increase in TiC coating thickness from 
2 to 7pm. It was further established that below a minimum coating thick- 
ness of 2 to 3um, the flank wear of the inserts increased dramatically. 
Whilst Graham and Hale 
(187) 
also observed a decrease in the flank wear 
of TiC coated cemented carbide inserts with increasing coating thick- 
ness in their work, in contrast to the findings of Platanov this decrease 
116 
levelled off at coating thicknesses between 4 to 61m. In addition, 
they found a rather different situation with regard to the crater 
wear of the inserts. Crater wear resistance was found to increase 
with increase in coating thickness up to 10-12pm with no sign of 
levelling off even at higher coating thicknesses. Hale and Graham 
concluded that crater wear resistance was directly proportional to 
coating thickness until the coating had been penetrated and that, 
even after that point, crater wear was still retarded at a rate depend- 
ent on the coating thickness. 
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7.0 EXPERIMENTAL WORK AND RESULTS - CUTTING PROPERTIES OF 
UNCOATED AND TiC COATED P. M. BT42 GRADE H. S. S. INSERTS 
Having characterised the TiC coatings chemically vapour 
deposited on the P. M. BT42 grade H. S. S. inserts, at the different 
CHy/TiCl4 mole ratios and deposition temperatures (see Chapter 5.0), 
attention was next directed to the determination of the cutting 
properties of the coated inserts. As mentioned previously at the 
end of chapter 5.0, the main purpose of this work was to determine 
the effect of CHy/TiC14 mole ratio and deposition temperature on the 
tool life of the TiC coated inserts, enabling the coated inserts 
exhibiting the optimum combination of coating characteristics and tool 
life to be identified. In addition, these coated inserts were then 
used in more detailed cutting tests, together with uncoated inserts, 
to elucidate the effect of this optimum TiC coating on the cutting 
properties of the P. M. H. S. S. inserts. Consequently, whilst the last 
section of this chapter deals with the cutting tests carried out with 
the uncoated and TiC coated inserts, the first two sections are concerned 
with the equipment and the individual inserts used in these cutting 
tests. 
7.1 Equipment used in Cutting Tests 
A full description of the workpiece material and the lathe and 
associated equipment used in the cutting tests is given in this section. 
All the equipment used in the tests was the same as that employed by 
Whittle 
(15) 
in his work on chemically vapour deposited TiN coatings. 
7.1.1 Workpiece material 
The selection of the workpiece material used in the cutting tests 
described in Section 7.3 was based on two main criteria, firstly, that 
it should have been used in previous investigations of the cutting prop- 
erties of coated cutting tool materials, in order to facilitate a com- 
parison of results and secondly, that it should, if possible, not give 
excessively long tool lives at the lower end of the cutting speed range 
of interest. For this reason it was decided to use 817 NO (En24) alloy 
steel which. having previously been used by Whittle 
(15) 
was known to fulfil 
the main criteria specified. This material was supplied by Barwath and 
Flockton from a single cast (No. 72283) with the Composition shown in 
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Table 7.1. It was in the form of a 160mm- diameter bar cut up into 
0.5m lengths. The bars were subsequently heat treated in a gas 
heated furnace located in the Centre for Industrial Studies at 
Loughborough University of Technology. 
Before these could be used in the cutting tests, the thick film 
of oxide scale present on each of the bars was removed. In addition one 
of the bars was examined with regard to its radial hardness variation 
and microstructure, the latter being investigated by optical examination 
of polished and etched transverse and longitudinal sections taken from 
the outside, mid-radius and centre of the bar. The results obtained 
are shown in Figures 7.1 and 7.2, respectively. It can be seen that 
there is no significant variation in hardness across the diameter of the 
bar and also that the grain structure of the bar is consistent through- 
out its bulk. To minimise any possible effect from the increased surface 
curvature associated with a smaller diameter bar it was decided that 
none of the bars would be turned to a diameter less than 50mm during the 
cutting tests. 
7.1.2 Lathe and associated equipment 
All the cutting tests to be described in the present chapter were 
carried out on a Colchester Triumph 7k" x 48" centre lathe, converted to 
infinitely variable speed drive by fitting a Shackleton System Drives 
thyristor controller to vary the speed of a D. C. motor, substituted for 
the original A. C. drive motor. This lathe and the associated equipment 
used for measuring tool wear and tool forces (see Sections 7.1.2.1 and 
7.1.2.2) in-situ, are shown in Figure 7.3. This figure shows the lathe 
as set-up for the tool force tests (see Section 7.3.1.2) with the three- 
component strain gauge dynamometer clamped in the tool post. The insert 
holder used in conjunction with this dynamometer imparted the same 
cutting geometry to the inserts as the standard CSBPR 2525M 12 toolholder 
used in all the other cutting tests and this geometry is defined in 
Figure 7.4. 
7.1.2.1 equipment to measure tool wear 
The equipment used to measure tool wear in-situ On the lathe visible 
in figure 7.3, is shown in more detail in Figure 7.5. This essentially 
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consists of a low power (x30) and a higher power (x200) microscope 
mounted on micrometer slides which were used to measure wear on the 
flank and rake faces of the inserts respectively. Before the wear tests 
were begun these microscopes were initially aligned using the graduated 
protractor tables shown in Figure 7.5, and their alignment was sub- 
sequently checked prior to each interrupted tool wear test. When not 
in use, this equipment was protected by a transparent perspex cover 
which has been removed in Figures 7.3 and 7.5. 
7.1.2.2 equipment to measure tool forces 
In the present work a strain gauge dynamometer, which essentially 
consists of strain gauges mounted on circular rings, was used to measure 
the vertical, axial and radial forces during cutting. Since the principle 
and construction of the dynamometer employed has been described in 
detail elsewhere 
(15) 
it is unnecessary to repeat that work here, however, 
details of the calibration of the device are unique to the present 
investigation and these are presented in Appendix 4.0. Figure 7.6 shows 
the dynamometer ready for fitting onto the lathe with the insert holder 
in position. A detailed diagram of the insert holder itself is given in 
Figure 7.7 whilst the three D. C. bridge amplifiers (Bryäns Southern 
Type 40550) and the Autograph 6A-6 U. V. recorder, used in conjunction with 
the strain gauge dynamometer are shown in Figure 7.3. In operation, a 
signal from the strain gauges in each of the three dynamometer strain 
gauge bridges are transmitted to the three D. C. bridge amplifiers with 
the out of balance signal from each bridge being amplified and recorded 
as a trace on the U. V. recorder. The amplifier gains used for the vertical, 
axial and radial strain-gauge bridges were 10000,10000 and 5000 
respectively. 
7.2 Uncoated and TiC Coated P. M. BT42 Grade H. S. S. Inserts Used 
in Cutting Tests 
The following section gives the relevant details of the uncoated 
and TiC coated P. M. BT42 grade H. S. S. inserts used in the cutting tests. 
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7.2.1 Uncoated and TiC coated inserts 
Before describing the uncoated and coated inserts used in the 
cutting tests it is important to draw attention to the three defects 
(porosity in the P. M. H. S. S. substrate, cracks in the TiC coating 
and the occurrence of protrusions on the surface of the TiC coating) 
observed during the characterisation of the P. M. BT42 grade H. S. S. 
inserts coated with TiC under the standard deposition conditions employ- 
ed by Edgar Allen Tools (see Section 3.3.3). Such defects were con- 
sidered to be indigenous in nature and although their presence was 
thought likely to have a detrimental effect on the cutting properties 
of the inserts, they were not regarded as serious enough to prevent the 
acquisition of meaningful cutting test results. 
A quantity of as-sintered P. M. BT42 grade H. S. S. inserts taken 
from the batch prepared exclusively for the present work (see Section 
3.1.1), were first 'tumbled' to remove any burrs, after which they were 
hardened and tempered at Edgar Allen Tools using their standard heat 
treatment procedure (see Section 3.1.3). The hardness of the resulting 
heat treated, uncoated inserts was then determined with a Vickers hard- 
ness testing machine using a load of 30kg. This was done to ensure 
that there was no significant hardness variation which could affect the 
cutting performance of the inserts. Fourteen heat treated, uncoated 
inserts whose hardness fell within the range 905 ± 25 HV30 were subseq- 
uently selected for use in the cutting tests. This hardness range was 
chosen with reference to the range of substrate hardness values previously 
obtained during the characterisation work for the heat treated, uncoated 
and coated (standard deposition conditions) inserts (see Table 3.13)' and. 
the heat treated, coated inserts used to investigate the effect of CH4/ 
TiCly mole. ratio and deposition temperature on coating/substrate adhesion 
(see, Tables 5.12 and 5.13).. The hardness values of each of the fourteen 
heat treated, uncoated inserts selected are summarised in Table 7.2. 
For, convenience these inserts will simply be referred to as uncoated 
inserts. in. the following cutting work. 
Prior to describing the coated inserts used in the cutting tests it 
is necessary to mention the different series of tests carried out. The 
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first series of cutting tests were carried out to determine the effect 
of CH4/TiClq mole ratio and deposition temperature on the tool life 
of the coated inserts. Not surprisingly, coated inserts from the runs 
previously carried out to facilitate the investigation of the effect 
of CHy /TiCly mole ratio and deposition temperature on the coating 
characteristics (see Chapter 5.0) were chosen for Use in these tests. 
On the basis of the results of these tests the coated inserts having the 
most favourable combination of coating characteristics and tool life 
were selected for use in a further two series of tests designed to in- 
vestigate the effect of the TiC coating on tool wear and tool forces. 
Uncoated inserts were also used in each series of tests. 
It is known from the work by Whittle(15) on TiN coatings chemically 
vapour deposited on P. M. BT42 grade H. S. S. inserts (see Section 6.2.3 1) 
and previous investigations of TiC coatings on cemented carbide inserts(26p 
176,187) 
(see Section 6.3.6) that significant variations in the coating 
thickness affect the tool cutting performance. Consequently, with 
particular reference to the work by Whittle and the thicknesses previously 
determined for the TiC coatings deposited at the different CHa/TiCla mole 
ratios and deposition temperatures (see Tables 5.4 and 5.11) it was 
decided that only TiC coated P. M. BT42 grade H. S. S. inserts having a coat- 
ing thickness of 4.5 ± 0.5pm would be used in the cutting tests. This 
had the immediate advantage that coated inserts whose TiC coatings were 
deposited at CH4/TiCly mole ratios of 1 to 5 (runs 11,3,4,5 and 6) 
and temperatures of 1050 and 1100°C (runs 4 and 13) were potentially 
suitable for use in the cutting tests. TiC coated P. M. BT42 grade H. S. S. 
inserts from runs 11 (CH4/TiCly mole ratio = 1) and 13 (Deposition temp- 
erature = 1100°C) as opposed to those from runs 2 and 8 were more suitable 
for use in the main cutting tests since the' deposition times employed for 
the former runs had been deliberately adjusted in order to deposit TiC 
coatings 4.5 ±0 51im thick (see Section 5.8). In contrast, coating 
thicknesses of this order were'unobtainable for TiC coatings deposited 
at a CHy/TiCl4 mole ratio of 0 (runs 1 and 10) and at a deposition temp- 
erature of'1000°C runs 7 and 12), hence P. M. BT42 grade H. S. S. inserts 
coated under these conditions were not used in the present study. 
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In consequence, ten as-coated inserts from each of the runs 
(except runs 1,2,7,8,10 and 12) originally carried out for the 
CHy/TiCly mole ratio and deposition temperature investigations were 
chosen for use in the tool life tests. In addition, for reasons which 
will become more apparent later, a further twenty as-coated inserts 
whose TiC coating was deposited at a CH4/TiCly mole ratio of 3.79 
(run 5) were chosen for use in the tool-wear and tool force tests. All 
the inserts selected were subsequently ball-cratered (see Section 3.2.2) 
in order to determine their coating thickness and inserts whose coating 
thickness fell within the desired range (4.5 ± 0.5um) were heat treated 
(see Section 3.1.3) in order to harden and temper their P. M. H. S. S. sub- 
strate. The substrate hardness of each of the inserts was then deter- 
mined on the area of substrate exposed by ball cratering and those having 
a substrate hardness of 905 ± 25 HV30 (as for the uncoated inserts) were 
selected for use in the cutting tests. In order to ensure that the 
structure of the TiC coatings on these inserts were nominally the same 
as those previously determined for the TiC coatings on the as-coated 
inserts during the CH4/TiCl4 mole ratio and deposition temperature in- 
vestigations (see Figures 5.3 and 5.4), the preferred orientation of 
the TiC coatings on the rake face of all the heat treated, coated inserts 
were determined by X-ray diffraction using the technique described earlier 
in Section 3.2.1. For expediency only the relative intensities for the 
{111}, {200} and {220} reflections were determined, these being the major 
reflections in the case of TiC. As expected, it was found that the TiC 
coatings on the heat treated, coated inserts from the same runs exhibited 
essentially the same degree of preferred orientation and, with the 
exception of the heat treated, coated inserts whose coatings were depos- 
ited at a CHk/TiCl4 mole ratio of 1_(run: ll) and deposition temperature 
of 1100°C (run 13), these were almost identical to those previously 
determined for the as-coated inserts. Typical relative intensities ob- 
tained for TiC coatings on the heat treated, coated inserts used in the 
cutting tests, as compared to those exhibited by TiC coatings on the as- 
coated inserts, are shown in Figure 7.8. The slight difference between 
the degree of"preferred orientation exhibited by the TiC coatings on the 
heat treated, coated inserts, deposited at a CH4/TiCly mole ratio of 1 
(run 11) and a deposition temperature of 1100°C (run 13), and those 
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previously determined for the TiC coatings on the as-coated inserts 
(runs 2 and 8) can be explained by considerationýof their coating 
thickness. Whilst the coating conditions employed during runs 11 and 
13 were essentially the same as those for runs 2 and 8 (see Appendix 
2.0), as mentioned earlier the deposition times used for the former 
had been appropriately adjusted to ensure the deposition of TiC coatings 
4.5 ± 0.5pm thick. This effectively increased the thickness of that 
part of the TiC coating deposited at a CH4/TiCly mole ratio of 1 (run 
11), by the overall reaction, with the converse being true for the TiC 
coating deposited at a temperature of 1100°C (run 13). Hence the 
differences between the relative intensities of the heat treated, coated 
inserts (runs 11 and 13) and the corresponding as-coated inserts (runs 
2 and 8) shown in Figure 7.8, can be attributed to a change in the 
relative proportions of those parts of the TiC coatings deposited by the 
substrate and overall reactions which interact with the X-ray beam. For 
this reason, the {220} preferred orientation exhibited by the TiC coat- 
ings on the heat treated, coated inserts of run 11 (CH4/TiCl4 mole ratio = 
1), which is thought to be characteristic of the TiC layers deposited 
by the overall reaction, is significantly greater than that exhibited by 
the coatings on the as-coated inserts of run 2. In addition, the rela- 
tive intensity due to the {111} reflection is considerably smaller with 
preferred orientation of the {111) planes being thought to be character- 
istic of TiC coatings deposited by the substrate reaction (see Figure 5.3). 
Similarly, whilst the preferred orientation of the {220} planes exhibited 
by the TiC coatings on the heat treated, coated inserts of run 13 
(deposition temperature 1100°C) is considerably less than that found for 
the coatings on the as-coated inserts of run 8, the relative intensity 
due to the {111} reflection is significantly greater. 
Only coated inserts having typical coating structures were used 
in the cutting tests. Whilst the coating thickness and substrate hard- 
ness of the actual inserts used to investigate the effect of CH4/TiC14 
mole ratio and', deposition temperature on tool life are summarised in Table 
7.3, similar details for the actual inserts used in the tool wear and tool 
force tests are specified in Table 7.4. 
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7.3 Cutting Tests with Uncoated and TiC Coated Inserts 
In the following section all the cutting tests and associated 
work carried out with the uncoated and TiC coated P. M. BT42 grade 
H. S. S. inserts are described and the results obtained presented. 
7.3.1 Main cutting tests 
As mentioned earlier in Section 7.2 three series of cutting tests 
were performed for the present investigation with uncoated and TiC coated 
inserts used in each series of tests. The first series was carried out to 
investigate the effect of CH4, /TiC14 mole ratio and deposition temperature 
on the tool life of the TiC coated inserts. On the basis of the results 
obtained from these tests, the TiC' coated inserts which exhibited the 
most favourable combination of coating characteristics and tool life were 
used in a further two series of more detailed tests carried out to inves- 
tigate the effect of the TiC_ coating on tool wear, b. u. e. size, tool 
forces, apparent coefficient of friction and workpiece surface finish. 
A full characterisation of the coated inserts used in the cutting tests 
has been described in Chapter 5.0. All the tests were performed at a 
feed of 0.254 mm rev 1 and a depth of cut of 2.0 mm, in the presence of 
a coolant consisting of a 30: 1 mixture of water and Shell 'Dromus' oil 
which was directed onto the tool at a flow rate of 0.5 1 min 
1. The 
uncoated inserts were tested at cutting speeds of 30,37.5,45 and 52.5 m 
min 1 and the TiC coated inserts at speeds of 37.5,45,52.5 and 60 m 
min The cutting speed ranges were staggered in this way both to avoid 
excessively long cutting times at the lowest cutting speed in the case of 
the TiC coated inserts and to obtain some measure of the potential increase 
in cutting speed offered by them. Every test was performed twice. After 
each test, or after one pass along the workpiece, if a test resulted in 
more than one pass the surface of the workpiece was cleaned up using a 
Sandvik GCO15 insert. 
7.3.1.1 tool life tests 
In the first series of tests which were carried out to determine 
the tool lives of some of the uncoated inserts from those detailed in Table 
7.2 and all the coated inserts detailed in Table 7.3, cutting was simply 
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continued uninterrupted until catastrophic tool failure occurred. 
This was characterised for both the uncoated and TiC coated inserts 
used in the tests, at all cutting speeds, by what appeared to 
be gross 
plastic deformation of the tool nose. The variation in the tool 
life 
with cutting speed for inserts coated with TiC at different CH4/TiCly 
mole ratios and deposition temperatures compared to those of the uncoated 
inserts are shown in Figures 7.9 and 7.10 respectively. Although the 
increase in tool life afforded by the TiC coatings deposited at the 
different mole ratios can clearly be seen in figure 7.9, the effect of 
the latter on the tool life of the TiC coated inserts, at cutting speeds 
of 37.5,45,52.5 and 60 m min 
1 is more clearly shown in Figure 7.11. 
The points on these figures represent the average tool lives obtained 
from the two tests carried out. The difference between the pairs of 
results in all cases was not considered to be significant and was taken 
to reflect the good reproducibility of the tests. Indeed, in many 
instances the difference was too small to be displayed, as exemplified by 
the tool lives obtained for the TiC coated inserts at a cutting speed 
of 60 m min-' (see Figure 7.11). Consequently, for purposes of clarity, 
all the tool life results obtained for the uncoated and TiC coated inserts 
are summarised in Table 7.5. Finally, it should be noted that the cata- 
strophic failure criterion was chosen to define tool life in the present 
work since it is one of the three criteria recommended by the I. S. O. 
(171) 
and has also been used by Whittle 
(15) 
in his work on TO coatings 
chemically vapour deposited on P. M. BT42 grade H. S. S. inserts. 
Before the second and third series of cutting tests are dealt with 
in the next Section it is pertinent'to'mention that on'the basis of the 
tool life results obtained for'the TiC'coated'inserts, those inserts 
coated with TiC at'a`fCH4/TiCl4, mole"ratio of 3.79 were considered to 
exhibit the optimum combination of coating characteristics and tool life. 
Consequently, these inserts were used in the second and third series of 
tests in order to determine the effect of this optimum TiC coating on 
the insert cutting properties. 
01, 
7.3.1.2 -tool wear and tool force tests 
The second series'-of tests were also continued to catastrophic 
failure, but in these tests cutting was interrupted at regular intervals. 
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At each of the interruptions, in-situ optical measurements were made 
of average flank land length, maximum flank wear land length and 
position, maximum b. u. e. height and position, maximum crater depth and 
average crater width, using the equipment described earlier in Section 
7.1.2.1. These measurements are defined in Figure 7.12. In this way 
uncoated and TiC coated (CH4/TiCl4 mole ratio = 3.79) inserts from those 
detailed in Tables 7.2 and 7.4 respectively, were tested. The increase 
in average flank wear land length, maximum crater depth and average 
crater width of the uncoated and TiC coated (CH4/TiCly mole ratio = 3.79) 
inserts with cut distance, at each cutting speed, are shown in Figures 
7.13 to 7.22 inclusive. These have been drawn where possible so as to 
facilitate direct observation of the effect of the TiC coating on the 
tool wear. 
It is evident from figures 7.13 to 7.22 that in general most of 
the wear curves obtained consist of either a breaking-in period followed 
by steady-state wear extending to catastrophic failure or simply the 
latter. However, there are some important exceptions. In the case of 
the TiC coated inserts tested at cutting speeds of 37.5 and 45 m minl(see 
Figures 7.15 to 7.18) no crater wear was measurable for a significant 
cut distance indicating a delay in the onset of crater wear. Additionally, 
for one of the tests carried out at 37.5 m min 
1 
with the TiC coated 
inserts, catastrophic failure was found to be preceded by a short period 
of arceLeraEu crater wear as shown in Figure 7.15. 
The maximum crater depth measurements, following the breaking-in 
period'were hampered 'by the presence of b. u. e. fragments in the crater, 
particularly in theýcase of the TiC coated inserts and this is'reflected 
in slightly more scatter for the points plotted on these wear curves. 
Linear regression analysis was employed to calculate the steady- 
state wear rate and corresponding correlation coefficient for each of 
the 48 wear'curves obtained from the cutting tests. These steady-state 
wear rates are plotted against cutting speed in Figures 7.23 and 7.24. 
Each point on the figures represents the mean of the two values obtained 
and though the range of these are plotted in many cases, in some instances 
these were too small to be indicated. Consequently, the individual 
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steady-state wear rates determined for the uncoated and TiC coated 
inserts, together with their corresponding correlation coefficients 
are summarised in Table 7.6. 
Finally, the maximum b. u. e. heights determined for the uncoated 
inserts at each cutting speed are presented in Tables A5.1 to A5.4 in 
Appendix 5.0 together with the maximum flank wear land lengths obtained. 
Similarly, in the same appendix those determined for the TiC coated 
inserts are presented in Tables A5.5 to A5.8. Also, these: maximum b. u. e. 
heights for both the uncoated and TiC coated inserts are summarised in 
Figure 7.25. Each value shown in this figure is the average of all the 
maximum b. u. e. height measurements taken in that particular test. 
In the third series of tests also carried out using uncoated and 
TiC coated-(CH4/TiC14 mole ratio = 3.79) inserts from those detailed in 
Tables 7.2 and 7.4 respectively, the three-component strain gauge dynam- 
ometer previously referred to in Section 7.1.2 was fitted on the lathe 
tool post. These tests were interrupted at the same intervals as employed 
in the second series, but were discontinued shortly before catastrophic 
tool failure. This precaution was taken to avoid subjecting the dynam- 
ometer to the excessively high tool forces which occur during tool failure. 
Immediately prior to each interruption vertical, axial and radial tool 
force traces were obtained on the U. V. recorder (see Section 7.1.2) and 
during each interruption the surface roughness of the workpiece (rough- 
ness average, Ra) was determined using a-portable model M4 Depth, Dial 
Gauge fitted with a diamond stylus-(manufactured by Rubert. ýand Co. ). The 
workpiece surface roughness values thus obtained-are summarised for'both 
the uncoated and TiC coated -inserts. in Figure, 7.26. `Each value shown . 
is 
the average of all the surface roughness measurements taken in-that 
particular. test. . 
On completion of this series of tests, the displacement. of each 
of the three tool force traces recorded prior to every interruption in 
cutting was measured. From the values of vertical (dv), axial (da) and 
radial (or) displacement thus obtained, vertical (Fv), axial (Fa) and 
radial (Fr) tool forces, relative to the dynamometer were calculated using 
equations A4.7 to A4.9 defined in Appendix 4.0. These values were then 
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substituted into equations A6.1 to A6.3 in Appendix 6.0 to calculate 
the vertical (Pv), axial (Pa) and radial (Pr) tool forces relative to 
the insert. Lastly, the values of Pv and Pa thus obtained were sub- 
stituted into equation A6.4 to calculate the apparent coefficient of 
friction (Pa) on the rake face of the inserts. All of these calculations 
were carried out on a microcomputer using a program specifically written 
for this purpose. The values of Pv, Pa, Pr and Pa thus determined for 
the uncoated and TiC coated inserts at each cutting speed are shown 
plotted against cut distance in Figures 7.27 to 7.34 inclusive; these 
figures having been presented where possible, to facilitate immediate 
assessment of the effect of the TiC coating on tool forces and apparent 
coefficient of friction. Finally, disregarding the high tool force 
and apparent coefficient of friction values in Figures 7.27 to 7.34 
associated with imminent catastrophic tool failure, average values of 
tool force and apparent coefficient of friction have been calculated for 
both uncoated and TiC coated inserts at each cutting speed. Typical 
average values are shown plotted against cutting speed in Figure 7.35. 
7.3.2 Optical examination of worn inserts 
To assist in accounting for the observed effect of the TiC coating 
on the flank and crater wear of the P. M. BT42 grade H. S. S. inserts, it 
was decided to carry out an examination of worn uncoated and TiC coated 
(CHy/TiCly mole ratio = 3.79) inserts. It was considered that the most 
meaningful results would be obtained if worn flank and crater surfaces 
corresponding to the mid-point of the steady-state wear region for both 
types of-insert (except TiC coated inserts at cutting speeds of 37.5 and 
45 m min '1 at each cutting-speed were examined. 4z W'ith: regard. to the TiC 
coated-inserts previously used in the second series of, main. cutting. tests 
(see Section 7.3.1.2)-. at-cutting speeds. of, 37.5 and 45 m min 
1it is 
evident from Figures 7.15 to 7.18, that the middle of the steady-state 
flank wear regions only coincide with the beginning of the crater wear 
regions. For this reason, it was felt that the most meaningful results 
would be obtained for. TIC coated inserts at these cutting speeds. if the 
worn flank and crater; surfaces corresponding to the mid-point of the 
steady-state crater wear region were examined,: such a point still coincid- 
ing with the steady state flank wear region. Consequently additional 
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uncoated and TiC coated inserts from those detailed in Tables 7.2 
and 7.4 were used to cut at the same cutting speeds, under the same 
conditions as employed in the first series of main cutting tests. 
This time, however, with reference to the appropriate curves from 
Figures 7.13 to 7.22, cutting was stopped when approximately the mid- 
points of the steady-state wear region specified above, was reached 
in each case. Moreover, with regard to the effect of the TiC coating 
on crater wear it was felt that it would also be of use to examine 
the worn rake face sections of TiC coated inserts used to cut to a point 
just prior to and after coating break-through. Consequently, two 
further tests were carried out using TiC coated inserts from those de- 
tailed in Table 7.4. These tests were conducted at a cutting speed of 
45 m min 1 under the same conditions employed during the first series of 
tests, however, with reference to the relevant curves in Figures 7.17 
and 7.18, cutting was terminated after the inserts had been used to cut 
for distances of 450 and 568 m. 
The worn uncoated and TiC coated inserts thus obtained were first 
sectioned normal to their, -. cutting edge, through their worn flank and 
crater surfaces, at a point corresponding to approximately half of the 
depth of cut. The sections thus produced were then mounted in Buehler 
'plastimet', polished, using the procedure detailed earlier in Section 
3.2.3 and finally etched in 5% picral. 
All the polished and etched sections through the worn flank and 
crater surfaces of the uncoated and TiC coated inserts thus obtained were 
then subjected to a detailed optical examination at a magnification of 
1000x. For both types of insert, it was found that the nature of the worn 
flank surface was the same at all cutting speeds with typical worn flank 
sections for the uncoated and TiC coated inserts being shown in Figure 7.36. 
Also, for the uncoated inserts, an interfacial layer was found to be 
present between the b. u. e. and the rake face close to the cutting edge 
at all cutting speeds. This is illustrated in Figure 7.37(a). With 
regard to the worn crater surfaces; essentially the same features were 
observed for the uncoated inserts tested at the cutting speeds of 30,37.5 
and 45 m min 1, a typical worn crater section illustrating these features 
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being presented in Figure 7.37(b). Similarly, the nature of the 
worn crater surface of the TiC coated inserts tested at 37.5,45 
(mid-point of steady-state crater wear region) and 52.5 m min 1 did 
not change with cutting speed, typical worn crater sections being 
shown in Figure 7.38(a) and (b). Rake face sections near to the cutting 
edge of the TiC coated inserts used to cut to a point just prior to 
and after coating break-through are shown in Figure 7.39. Finally, the 
worn crater surface of the uncoated and TiC, coated inserts tested at 
a cutting speed of 52.5 and 60 m min 
1 
respectively were observed to 
exhibit evidence of superficial plastic deformation as illustrated in 
Figure 7.40. 
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Figure 7.26 Workpiece surface'finish obtained using uncoated and 
TiC coated (CH4; /TiC14 mole ratio = 3.79) inserts. 
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Figure 7.36 Typical worn flank sections. Etchant 5% picral, 
xl000. (a) Uncoated insert, cutting speed 37.5 m min-1, (b) TiC coated (CH4/TiCly mole 
ratio = 3.79) insert, cutting speed 45 m min 1. 
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Figure 7.37 Typical rake face sections of Uncoated 
inserts. Etchant 5% picral, xl000. 
(a) Near cutting edge, cutting speed 
37.5 m min 1. (b) Within the crater, 
cutting speed 45 m min 1. 
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Figure 7.38 Typical rake face sections of TiC coated 
(CHy/TiCly mole ratio = 3.79) inserts. 
Etchant 5% picral, x1000. (a) Within the 
crater, cutting speed 45 m min- 
1, (b) 
Rear of crater, cutting speed 37.5 ra min- 
(a) 
(b) 
Figure 7.39 Rake face sections near cutting edge of TiC 
coated (CH4/TiCly mole ratio = 3.79) inserts 
tested at 45 m min-1. Etchant 5% picral, 
x1000. (a) Before coating break-through, cut 
distance 450m, (b) After coating break- 
through, cut distance 568m. 
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Figure 7.40 Rake face sections showing superficial 
plastic deformation. Etchant 5% picral, 
xl000. (a)_Uncoated insert, cutting speed 
52.5 m min- in , (b) TiC coated (CHy/TiC14 
mole ratio = 3.79) insert, cutting speed 60 m min-1. 
Table 7.1 Chemical composition of fully annealed 817M40 
(En24) workpiece material. 
Chemical composition, Wt %. 
C Si Mn S P Ni Cr Mo 
0.36 0.29 0.63 0.011 0.012 1.39 1.31 0.26 
Table 7.2 Substrate hardness of uncoated inserts used in 
cutting tests. 
Insert 
number 
Substrate 
hardness 
HV30 
1 912 
2 919 
3 919 
4 919 
-5 915 
6 912 
7 915 
8 927 
9 919 
10 919 
11 919 
12 . 912 
13 912 
-14 915 
p 
Table 7.3 Substrate hardness and coating thickness of 
TiC coated inserts used to investigate the effect 
of (i)-(v) CH4/TiCly mole ratio and (vi)Deposition 
temperature on tool life. 
Insert 
number 
Substrate 
hardness 
HV30 
Coating 
thickness 
Jim 
(i)CH4/TiCl4 mole ratio = O"q7 
1 919 4.22 
2 912 4.10 
3 915 4.19 
4 919 4.29 
(ii)CH4/TiCl4 mole ratio = 2.17 
5 909 4.01 
6 905 4.25 
7 919 4.20 
8 919 4.14 
9 919 4.07 
(iii)CHk/TiCly mole ratio = 3.06 
10 915 5.05 
11 912 5.01 
12 919 5.03 
13 887 4.98 
14 912 4.90 
(iv)CH4/TiCly mole ratio =. 3.79 
15 915 4.86 
16 897 4.87 
17 897 4.81 
18 905 4.7 
19 919 4.88 
20 901 4.47 
(v)CH4/TiCl4 mole ratio = 5.12 
21 905 4.76 
22 915 4.76 
23 919 5.03 
24 915 4.70 
(vi)Depositiontemperature = 1100°C 
25-: 919 4.49 
26 912 4.10 
27 919 4.09 
28 912 4.40 
29 915 4.87 
Table 7.4 Substrate hardness and coating thickness of 
TiC coated (CH4/TiCly mole ratio = 3.79)inserts 
used in tool wear and tool force tests. 
Insert 
number 
Substrate 
hardness 
HV30 
Coating 
thickness 
}1m 
1 919 4.80 
2 919 4.69 
3 912 4.85 
4 905 4.62 
5 919 4.13 
6 897 4.86 
7 912 4.72 
8 919 4.80 
9 897 4.87 
10 912 4.68 
11 919 4.88 
12 912 4.85 
13 912 4.79 
14 897 4.81 
15 -912 4.65 
16 912 4.77 
17 915 4.83 
18 915 4.71 
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8.0 DISCUSSION OF EXPERIMENTAL RESULTS 
Since the experimental work carried out for the present study 
has been described in three parts (see Chapters 3.0,5.0 and 7.0) 
it was decided that for clarity the discussion would be similarly 
divided, the latter dealing in turn with the results of the three 
investigations. It should be noted, however, that in order to facili- 
tate the most logical explanation of the results obtained in the 
present work the discussion will not follow the same order in which 
the experimental work was originally carried out. 
8.1 Characterisation of P. M. BT42 Grade H, S. S. Inserts Coated 
With TiC in Plansee Plant at Edgar Allen Tools Using Standard 
Deposition Conditions 
8.1.1 Elemental analysis 
From the A. E. S. composition-depth profile through the TiC coating 
and coating/substrate interface on the rake face of one of the as-coated 
P. M. BT42 grade H. S. S. inserts shown in Figures 3.11 and 3.12, it can 
be seen that the composition of the TiC coating is essentially uniform 
through its thickness until the coating/substrate interface is approached, 
having a formula of approximately TiCQ. 77. These figures also show that , 
a significant amount of interdiffusion has occurred between the other 
elemental constituents of the coating and the substrate. This is hardly 
surprising given the high temperature at which C. V. D. of the TiC coating 
was carried out. Of further interest here is the presence throughout 
the TiC coating of a small amount (<1 at. %) of oxygen the concentra- 
tion of which falls to zero at the coating/substrate interface. 
The formula determined for the TiC coating in the present work 
contrasts starkly with the values close to TiC1.0 judged by Chubb 
et a1(28) to be representative of the Auger analysis carried out on 
different TiC coatings on three commercially available coated cemented 
carbide inserts and significantly different from that of TiCp. 82 found 
by Wike(21) for a zum thick TiC coating on a P. M. BT42 grade H. S. S. 
substrate (see Section 2.2). Such differences in coating stoichiometry 
are thought to arise as a consequence of employment of different deposition 
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conditions. This latter point is reinforced by the fact that the 
TiC coating investigated by Wike had been deposited on the same 
P. M. H. S. S. substrates used in the present work with deposition of 
the coating having been carried out in the Bernex, as opposed to 
the Plansee C. V. D. plant at Edgar Allen Tools, 'under considerably 
different deposition conditions to those used in the present work. 
In addition a noticeable difference between the composition-depth 
profile obtained in the present work and a similar profile obtained 
by Chubb et al 
(28) 
for a 7.16pm thick TiC coating on one of the 
commercially available inserts is the extensive diffusion of cobalt 
through the TiC coating examined by the latter workers, the highest 
concentration ('10 at. %) of cobalt occurring near to the coating 
surface. 
With regard to the oxygen found to be present in the coating 
investigated in the present work, it is interesting to note that 
several other workers 
(21,26,28) have also found oxygen to be present 
in chemically vapour deposited TiC coatings. Whilst Wike(21) and 
Chubb et a1(28) found particularly high concentrations of oxygen at/ 
near the surface of the coatings the latter workers also found a 
nominal amount present throughout the TiC coating and as in the present 
work the concentration of oxygen present fell to zero at the coating/ 
substrate interface. It is also pertinent to mention at this point 
that in Whittle's work 
(15) 
on TiN coatings chemically vapour deposited 
on P. M. BT42 grade H. S. S. substrates a local concentration of oxygen 
was found to occur at/near the coating/substrate interface and its 
presence was associated with oxidation of the H. S. S. substrate prior 
to coating, such oxidation occurring after the surface grinding of the 
rake face of the as-sintered inserts. This feature was not seen in the 
composition-depth profile obtained through the rake face of the TiC 
coated insert examined in the present work. Although the source of 
the small amount of oxygen detected in the TiC coating investigated in 
the present study is not known it is thought likely that this may be 
due to contamination of the reactant gases used during C. V. D. This 
(26) suggestion is given credence by the findings of Platanov et a1. 
133 
In their work the presence of oxygen in TIC coatings chemically 
vapour deposited on cemented carbide substrates was attributed to 
contamination of the H2 carrier gas with H2O vapour and subsequent 
drying and cleaning of this gas prior to entering the C. V. D. re- 
actor chamber resulted in a significant fall in the level of oxygen 
detected in the TiC coatings. 
Turning now to the results obtained after the obligatory H. S. S. 
substrate heat treatment, it can be seen from Figures 3.21 and 3.22 
which show the composition-depth profile obtained through the TiC 
coating and coating/substrate interface on the rake face of a heat 
treated, coated insert that a number of differences are apparent when 
the latter is compared to the composition-depth profile obtained for 
the as-coated insert (see Figures 3.11 and 3.12). Since the two 
composition-depth profiles were obtained using the same insert, albeit 
in its as-coated and heat treated, coated conditions (see Section 3.3.2) 
such a comparison is particularly valid. Firstly, there appears to be 
an increase in the interdiffusion between the elements of the TiC 
coating and substrate, particularly with regard to the minor constituents 
of the substrate (see Figure 3.22 c. f Figure 3.12). Secondly, 
" although the C concentration through the bulk of the TiC coating is 
constant until the coating/substrate interface is approached and is 
similar to that for the insert in its as-coated condition, the Ti con- 
centration falls slightly in the bulk of the coating resulting in an 
increase in the formula of the coating from -0.76 to -0.82 at a coating 
depth of 0.7 and 2.9pm respectively. Lastly, it is evident that the 
small amount of oxygen (<1 at. %) present throughout the bulk of the TiC 
coating up to the coating/substrate interface of the as-coated insert 
is absent from the composition-depth profile obtained through the TiC 
coating of the insert in its heat treated, coated condition. This 
absence is not considered too surprising since it is feasible given 
the low levels of oxygen involved that local decreases in its con- 
centration may account for the overall level present being close to or 
less than the limit which can be detected by A. E. S. It is evident 
from the above that whilst the heat treatment procedure used to harden 
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the H. S. S. substrate has only a little effect on compositional 
variations within the TiC coating these have caused small changes 
in the stoichiometry of the bulk of the coating, the latter having 
been effected by enhanced diffusion resulting from the elevated 
temperatures at which the heat treatment was carried out. 
8.1.2 X-ray diffraction 
As previously mentioned in Section 3.2.1 and shown in Figure 3.7 
the TiC powder used for comparison purposes was found to have relative 
intensities which correspond very well indeed with those quoted for 
TiC in the A. S. T. M. diffraction file(44). Consequently, as desired, 
the TiC powder sample can be classified as being randomly oriented. 
Also,. as shown in Table 3.4 the lattice parameter of the TiC powder 
was found to be 4.3215Ä and this compares very well with the value 
of 4.3201 obtained by Duwez and Odell 
(40) 
for bull: TiC, however, it 
is noticeably lower than the values of 4.328Ä and 4.328 ± O. OOlAc 
reported by Sproul and Richman 
(39) 
and Raghuram et al 
(41) 
respectively 
o (44) 
and the value of 4.3285' given in the A. S. T. M. diffraction file . 
With reference to the powder composition in Table 3.3 (i. e. TiCo. 95) 
and Figure 2.1, which shows the variation of TiC lattice parameter with 
C/Ti atom ratio, it is evident that the lattice parameter determined 
for the TiC powder in the present work is somewhat lower than that 
which would be expected, however, it should be borne in mind that the 
figure represents the best fit to data compiled by several researchers 
and does in fact show a significant amount of scatter not indicated in 
the figure. 
From Figure 3.8 it is evident that the typical relative inten- 
sities of the TiC coating on the rake and flank faces of the as-coated 
inserts not only differ significantly from each other, but are also 
different from the random orientation of the TiC powder. On the rake 
face the coating exhibits preferred orientation of the {220} planes, 
the relative intensities of the latter reflections being some 1.5 times 
greater than those for the TiC powder. Furthermore, the reflections 
from the {200} planes are considerably suppressed. In contrast, the 
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TiC coating on the flank face does not exhibit any preferred 
orientation, but since the reflections due to the {111}, {200} and 
{220} planes have relative intensities which are considerably smaller 
than those of the corresponding reflections of the TiC powder, it 
is apparent that the coating orientation deviates markedly from 
random. It is evident from the previous work on chemically vapour 
deposited TiC coatings (see Section 2.1) that preferred orientation 
of the {220} planes has also been detected in TiC coatings on both 
steel 
(30) 
and cemented carbide 
(22,29) 
substrates. Other workers, 
however, have presented'rather different findings(19,21,28,31) 
Whilst Wike(21) reported that TiC coatings on both the rake and flank 
faces of P. M. BT42 grade H. S. S. substrates exhibited strong preferred 
orientation of the {200} planes, Dearnley and Trent 
(19), 
Chubb et al 
(28) 
and Vuorinen(31) found that coatings on cemented carbide substrates 
were randomly oriented. The difference between the preferred orienta- 
tion observed by the latter workers and that found in the present work 
could be attributed to the use by these workers of different deposition 
conditions and/or dissimilar substrates. However, since it is known 
that Wike(21) employed the same P. M. H. S. S. substrates used in the 
present work and that these were coated in the Bernex C. V. D. plant at 
Edgar Allen Tools under rather different conditions than those used in 
the present work, in this case at least the difference between the 
preferred orientation for the TiC coating can be attributed to the 
different deposition conditions employed. 
The average values of lattice parameter obtained for the TiC 
coating on both the rake and flank faces of the as-coated inserts can 
be seen from Table 3.4 to be 4.32421 and 4.32118 respectively. Whilst 
the latter value is in very good agreement with the value obtained for 
the TiC powder in the present work (also shown in Table 3.4) and that 
found by Duwez and Odell 
(40) for TiC in its bulk form (see Section 2.1), 
it is apparent that the value obtained is lower than that found for the 
TiC coating on the rake face. It is felt that this may be attributable 
to differences in the crystal structure ot, the TiC coating on the rake 
and flank faces of the P. M. H. S. S. inserts investigated in the present 
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study and this is given credence by the dissimilar preferred 
orientations observed (see Figure 3.8). The average lattice para- 
meter values obtained for the TIC coating on the rake and flank 
faces of the as-coated inserts can be seen to lie within the range 
of 4.31 to 4.331 
(21,23,25) 
previously determined for the lattice 
parameter of TIC coatings chemically vapour deposited on steel sub- 
strates (see Section 2.1). Of particular interest here are the 
slightly higher values (relative to those obtained for the TIC coating 
on the rake and flank faces of the as-coated inserts in the present 
work) of 4.3272K and 4.3258K obtained by Wike(21) for the TIC coating 
on the rake and flank faces of coated P. M. BT42 grade H. S. S. inserts 
supplied by Edgar Allen Tools. This is particularly so since, as 
previously described in Section 2.2, Wike found that the composition 
of the TiC coating on the rake face of one of his inserts was approxi- 
mately TiC0.82 as compared to the aforementioned value of TiC0.77 
obtained for the TiC coating (rake face) in the present work, and it 
can be seen from Figure 2.1 that an increase in C/Ti atom ratio from 
0.77 to 0.82 would have been expected to have caused a slight increase 
in lattice parameter. As also mentioned in Section 2.1 lattice para- 
meter values previously obtained for TiC coatings chemically vapour 
deposited on cemented carbide substrates range from 4.311X to 4.327X(22, 
24,26,27) 
Particularly worthy of comparison here is the value of 
4.325K obtained by both Hintermann and Boving(24) and Platanov et al 
(26) 
this value being in very good agreement with that obtained for the TIC 
coatings on the rake face of the P. M. H. S. S. inserts investigated in 
the present study. 
Whilst it is apparent that the lattice parameter values quoted in 
a number of previous works compare favourably with those obtained in 
this investigation the fact cannot be ignored that considerably diverging 
values have also been reported. It is likely that this is due to the 
effect of impurities and deposition conditions on the stoichiometry of 
the chemically vapour deposited TiC coatings and hence their lattice 
parameters (see Figure 2.1). The former point is substantiated by the 
work of Platanov et al 
26) 
in which it was found that the lattice 
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parameter of TiC coatings chemically vapour deposited on cemented 
carbide substrates was particularly sensitive to the presence of 
oxygen. The latter point is more conveniently dealt with in 
Section 8.2.3. 
Prior to considering the results obtained after the obligatory 
H. S. S. substrate heat treatment it should be noted that as previously 
mentioned in Section 3.3.1 the relative intensities and lattice para- 
meter of the randomly oriented powder were first re-determined in 
order to check that the alignment of the Philips X-ray set had not 
been disturbed over the period since the X-ray work on the as-coated 
inserts had been undertaken. It was found that the relative intensities 
of the major reflections of the random powder sample were almost 
identical to those previously determined (see Figure 3.20 c. f. 3.8) and, 
in addition, the lattice parameter value of 4.32239 (see Table 3.10) 
is in very good agreement with the value of 4.32158 obtained previously 
(see Table 3.4). Such consistency is indicative of minimal differ- 
ences in the alignment of the X-ray set-up and justifies a comparison 
between the results obtained for the as-coated and heat treated, coated 
inserts. 
With regard to the heat treated, coated inserts it can be seen 
from Figure 3.20 that the TiC coating on the rake and flank faces 
exhibit essentially the same degrees of preferred orientation as those 
found for the as-coated inserts (see Figure 3.8), the coating on the 
rake face having (220) preferred orientation and that on the flank 
having a non random structure with the relative intensities of the {111}, 
(200} and {220} planes being considerably suppressed. It should per- 
haps be noted, however, that the relative intensities of the reflections 
of the TiC coating on the heat treated, coated inserts are slightly 
larger than those of the as-coated inserts, however, these differences 
are not considered to be significant. 
As can be seen from Table 3.10, the average values of lattice 
parameter obtained; for the TiC coating on the rake and flank faces of 
the heat treated, coated inserts are very much lower than those obtained 
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for the coating on the as-coated inserts (see Table 3.4). Whilst 
the values are also substantially less than that determined for 
the TiC powder they do compare very well with the lower end of the 
range of 4.31 - 4.328 quoted by Semenova and Minkevich(25) and the 
value of 4.3118 obtained by Dearnley(22), for TiC coatings chemically 
vapour deposited on steel and cemented carbide substrates respectively 
(see Section 2.1). Given that some correlation was observed earlier 
between coating stoichiometry and lattice parameter it might be sus- 
pected that the decrease in the lattice parameter for the TiC coating 
on the rake and flank faces of the heat treated, coated inserts is 
due to a fall in the C/Ti atom ratio of the coatings. In the last 
section, however, it was found that the formula for the TiC coating on 
the rake face of the heat treated, coated insert was approximately 
TiCo. 76 - o. e2 compared to TiCo. 77 for the same insert in the as-coated 
condition. Clearly, with reference to Figure 2.1, it is apparent 
that the small differences in coating stoichiometry not only would not 
account for the decrease in lattice parameter observed, but, would also 
tend to increase rather than decrease it. This being the case it is 
alternatively suggested that the decrease in lattice parameter may be 
a consequence of the level of internal strain being lower in the TiC 
coatings on the heat treated, coated compared to the as-coated inserts 
and this has also been forwarded as a possible explanation for similar 
observations by Whittle 
(15), 
in his work on chemically vapour deposited 
TiN coatings. From the foregoing it is evident that the heat treatment 
used to harden the H. S. S. substrate in the present work causes a 
significant decrease in the lattice parameter of the TiC coating. 
8.1.3 Optical microsco 
It can be seen from Figure 3.13 that the microstructure of the 
as-sintered inserts consists of relatively large angular carbides in 
a coarse grained, semi-martensitic matrix with a small amount of evenly 
distributed dark etching phase present at the grain boundaries which 
is known from the work of Whittle 
(15) 
and Wike(21) on TO and TiC 
coated P. M. BT42 grade H. S. S. inserts, respectively, to be pearlite. 
The martensite results from the rapid rate of cooling of the as-sintered 
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inserts from the sintering temperature although clearly this is 
not quite rapid enough to prevent a little of the austenite present 
at the sintering temperature transforming to pearlite on cooling. 
With the exception of the latter such a microstructure is typical 
of that of a P. M. H. S. S. produced by direct compaction and 
sintering. 
After coating it is evident from Figure 3.14 that the amount 
of evenly distributed pearlite in the bulk of the P. M. H. S. S. sub- 
strate has increased considerably and this is thought to be a con- 
sequence of the cooling rate after coating being slower than after 
sintering. The low thermal conductivity of the TiC coating may also 
be of some significance in this respect. It can also be seen from 
the figure that the large angular carbides now lie in a martensitic/ 
bainitic matrix thus further supporting the view that the cooling rate 
is slower for the as-coated inserts. The difference between the 
matrix of the as-sintered and the as-coated inserts is further reflected 
in the*macrohardness measurements obtained for the H. S. S. substrate of 
the two types of insert (see Table 3.7), that of the as-sintered inserts, 
not surprisingly, having the higher hardness. Furthermore, it can be 
seen from the intercept grain size measurements made on the H. S. S. sub- 
strate of two as-sintered and two as-coated inserts summarised in 
Table 3.6, that the grain size of the H. S. S. substrate of the as-coated 
inserts is slightly coarser than that of the as-sintered inserts and 
this difference is likely to be associated with the different tempera- 
tures/times employed during the sintering and coating processes (see 
Sections 3.1.1 and 3.1.2). In addition, there is a continuous dark 
etching band approximately 5-10pm thick present in the substrate 
adjacent to the coating/substrate interface on the rake face of the as- 
coated inserts with intermittent patches also being present in the sub- 
strate adjacent to the coating/substrate interface on the flank face. 
A similar band, identified as pearlite, has also been observed by 
'Whittle (15) in his work on TiN coatings chemically vapour deposited on 
P. M. BT42 grade H. S. S. inserts. The similarity in the appearance of 
this dark etching band and that of the evenly distributed, dark etching 
phase present at the grain boundaries in the present work suggests that 
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it too is pearlite and this is reinforced by the fact that its micro- 
hardness has been found to be very similar to that of pearlite. 
It is also pertinent to mention here that the detailed optical 
examination of the as-coated inserts (see Section 3.2.3) revealed 
that the TiC coating was free from porosity and cracks, and that the 
coating followed the contours of the original as-sintered insert 
surface; this being exemplified by the TiC coating visible on the 
rake and flank sections in Figure 3.14. 
A similar substrate microstructure has been observed by Whittle 
(15) 
and Wike(21) for P. M. BT42 grade H. S. S. inserts coated with TiN and 
TiC respectively, at a deposition temperature of 950°C in the Bernex 
plant at Edgar Allen Tools. There were, however, two significant differ- 
ences in the microstructures they observed. Firstly, in both cases 
there was significantly less pearlite evenly distributed throughout the 
microstructure at the grain boundaries. Secondly, in the work by Wike(21), 
instead of the band of pearlite in the substrate adjacent to the coating/ 
substrate interface, Wike detected a virtually continuous light etching 
band of what was thought to be cementite (see Section 2.3). Since it 
had been previously established by both workers that the P. M. H. S. S. 
substrate employed was austenitic at the coating temperature of 950°C it 
is likely that the increased amount of evenly distributed pearlite 
observed in the microstructure of the as-coated inserts investigated in 
the present work was due to the higher deposition temperature used (1020°C - 
see Table 3.2) and the cooling rate in the Plansee plant at Edgar Allen 
Tools being less than that in the Bernex plant, the latter accounting for 
more of the austenite transforming to pearlite. This does not, however, 
explain the presence of the continuous band of pearlite in the substrate 
adjacent to the coating/substrate interface on the rake face of the as- 
coated inserts investigated in the present work, particularly since, in 
his work, Whittle attributed the presence of this band to a carburising 
treatment carried out prior to coating with TO and no such treatment was 
carried out on the inserts used for coating in the present work. 
It is also of interest to note that as described in Section 2.3, 
several workers have identified a number of different types of diffusion 
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layer formed when steel and cemented carbide substrates are coated 
with TiC by C. V. D. With regard to steel substrates, whilst Perry 
and Horvath 
(47) 
identified cementite and chromium carbide layers 
in the substrate adjacent to the coating/substrate interface, 
Rupert 
(53) 
not only found decarburised layers in the substrate ad- 
jacent to the coating/substrate interface and layers caused by N and 
0 impurities in the coating adjacent to the coating/substrate inter- 
face, but also oxidic, metallic and quasi-metallic layers between 
the coating and substrate. In addition, many workers have identified 
the presence of eta-phase (carbon depleted region) in the upper region 
of cemented carbide substrates adjacent to the coating/substrate inter- 
face (see Section 2.3). Furthermore while Breval and Vourinen(57) 
and Lee and Richman 
(29) 
found layers containing Ti and Co in the upper 
layers of the TiC coating (see Section 2.2) the latter workers also 
observed a layer between the TiC coating and cemented carbide substrate 
which they associated with Fe and Cr contaminants. 
It is clear from the above that the nature of the substrate and 
the presence of impurities/contaminants exert a considerable influence 
on the type of interlayer which is present. Furthermore, with 
particular reference to the present findings and those of Wike's(21) 
outlined earlier, it is=apparent that the deposition conditions 
employed can significantly affect the type of diffusion layer present 
in the substrate adjacent to the coating/substrate interface. 
Turning now to the heat treated, coated inserts, with considera- 
tion first given to the defects found in the P. M. BT42 grade H. S. S. 
substrate and TiC coating, it can be seen from the unetched sections 
shown in Figure 3.23 that with regard to the H. S. S. substrate a certain 
amount of porosity (Figure 3.23(a)) is present in the substrate, due 
undoubtedly to a slightly low temperature during sintering. Although 
the porosity shown in the figure occurs in the bulk of the substrate 
it has been observed much closer-to the cutting edge where it would 
have a deleterious effect on the cutting performance. Clearly, closer 
temperature control during sintering is required to eliminate this 
defect. With regard to the TiC coating two other types of defect were 
Aa i. 
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observed, namely cracks in the coating near to the cutting edge 
(Figure 3.23(b)) and surface coating protrusions (Figure 3.23(c)). 
It should be noted that the presence of cracks in the present 
investigation was not an isolated occurrence since similar cracks, 
in the same region, were observed in the coating on other heat 
treated, coated inserts. It was suggested in Whittle's work 
(15) 
that the cracking occurred because the TiN coating could not expand 
enough to accommodate the -4% volumetric expansion of the substrate 
during heat treatment, a result of the austenite to martensite trans- 
formation, and this is an acceptable explanation for their presence 
in the TiC coating here. This is particularly so since no cracks 
were observed in the TiC coating on the as-coated inserts. 
Digressing briefly back to the discussion of the lattice parameter 
results obtained for the TiC coating on the heat treated, coated 
inserts in Section 8.1.2, it was suggested that during the substrate 
heat treatment the level of internal strain in the coatings may have 
been reduced, leading to the TiC coating on the heat treated, coated 
inserts exhibiting lower values of lattice parameter than those of the 
as-coated inserts. It is felt that the presence of the aforementioned 
cracks in the TiC coating on the heat treated, coated inserts adds 
some weight to this suggestion since a consequence of cracking within 
the coating as a result of the substrate expansion would be a reduction 
in the level of internal strain. 
With reference to the surface coating protrusion shown in Figure 
3.23(c) this is probably a section'through one of the hemispherical 
protrusions found to be present on the rake surface of the TIC coating 
on the heat treated, coated inserts (see Figure 3.28) which are des- 
cribed in Section 8.1.5 since it is of similar magnitude. Such 
protrusions were also observed on the as-coated inserts (see Figure 3.17) 
and thus have not arisen as a consequence of the substrate heat treat- 
ment procedure. It has been suggested by Whittle 
(15) 
that these prot- 
rusions could be the result of an altered growth mode brought about by 
the presence of MC or M6C type carbides at or near the substrate surface. 
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Although this suggestion has not been unequivocally substantiated it 
is known that substrate orientation can affect the deposition rate 
(197) 
through its effect on the arrangement of surface atoms, thereby 
influencing adsorption, desorption and surface mobility of the re- 
acting species. However, this explanation is unlikely to apply in the 
present case since it is evident from Figure 3.23(c) that no carbide 
lies in the substrate adjacent to the protrusion. Alternative explana- 
tions for the growth of protrusions are more conveniently discussed in 
Section 8.2.5. 
In summary, whilst porosity in the P. M. H. S. S. substrate and 
protrusions on the surface of the TiC coating are inherent features of 
the methods by which the substrate was produced and the coating deposited, 
respectively, and as such are characteristics of both the as-coated and 
heat treated, coated inserts, the cracks in the TiC coating of the heat 
treated, coated inserts have arisen as a result of the substrate heat 
treatment procedure, a consequence of the accompanying expansion of the 
H. S. S. substrate. 
Following heat treatment-of the H. S. S. substrate it can be seen 
from Figures 3.24 and 3.25 which show the polished and etched sections 
of the heat treated, uncoated and heat treated, coated inserts respect- 
ively, that the bulk microstructure consists of relatively large angular 
carbides in a coarse-grained martensitic matrix, the martensite itself 
also being coarse. The similarity in the microstructures of both types 
of insert is reflected in the similar macrohardness values obtained for 
their H. S. S. substrates summarised in Table 3.13. Such microstructures 
are typical of that of a P. M. H. S. S. produced by a direct compaction and 
sintering route followed by heat treatment without an intermediate 
annealing treatment. It is interesting to note from the grain size 
measurements shown in Table 3.12 that the grain sizes obtained for two 
heat treated, coated inserts are significantly coarser than those deter- 
mined for two heat treated, uncoated inserts and this can presumably be 
attributed to some grain refinement in the latter case, but not in the 
former due to the additional 'heat treatment' involved in the C. V. D. 
process (i. e. the deposition process itself). From Figure 3.25 it can 
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also be seen that the microstructure observed in the bulk of-the 
substrate continues until the coating/substrate interface is approached 
on the rake face. Adjacent-to this interface, however, a band -10um 
wide can be seen to exist in which the grains are significantly finer 
than in the bulk of the substrate. This band originates from the 
band of pearlite found in the same position in the as-coated inserts 
(see Figure 3.14) and since this pearlite was only found in inter- 
mittent patches on the flank face the presence of the fine grains on 
that face is not so apparent. More generally it can be seen from Figures 
3.14 and 3.25 that the coating/substrate interface on the rake and flank 
faces of the TiC coated inserts is continuous, indicative of a strong 
metallurgical bond between the coating and the substrate, a result of 
the significant amount of interdiffusion between components of the 
coating and the substrate as described in Section 8.1.1. As with the 
TiC coating on the as-coated inserts it can be seen from Figure 3.25 that 
the coating on the heat treated, coated inserts is also free from 
porosity and follows the contours of the substrate surface. 
Finally, it can be seen from Table 3.5, which shows the values 
obtained for the thickness of the TIC coating on the rake and flank 
faces of two of the as-coated inserts, that the values obtained for the 
two inserts compare reasonably well on both their rake and flank faces. 
It is, however, also evident for both inserts that the thickness of the 
TIC coating on the flank face is greater than the coating on the rake 
face. A similar result was obtained by Wike(21) in his work on TiC 
coated P. M. BT42 grade H. S. S. inserts supplied by Edgar Allen Tools. 
In addition it can be seen from Table 3.11 that thickness values deter- 
mined for the TIC coating on the rake and flank faces of two heat 
treated, coated inserts are comparable to those obtained for the as- 
coated inserts and hence it can be concluded that the substrate heat 
treatment procedure does not affect the TIC coating thickness. 
8.1.4 Fractography 
From the typical fractographs presented for the as-coated inserts 
in Figure 3.15 it is apparent that whilst the structure of the TiC 
coating is difficult to discern it appears to consist of elongated, 
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acicular type grains ' 0.2pm in size growing normal to the coating/ 
substrate interface. In addition, considerably finer (W. lum), 
more equi-axed type grains are present near to the coating/substrate 
interface with even finer, barely discernible grains directly 
adjacent to it. The bulk grain structure observed compares favourably 
with the acicular shaped grains described in Section 8.1.5, found at 
the surface of the as-coated inserts (see Figure 3.17). An explanation 
for the transition from finer, more equiaxed shaped grains at/near 
to the coating/substrate interface to relatively coarser, acicular 
shaped grains in the bulk of the TiC coating is more suitably discussed 
in Section 8.2.4. 
From a comparison of the fractographs obtained for the as-coated 
inserts in the present work with those presented in the literature 
(see Section 2.4) it is evident that several workers have observed 
similar variations in the grain size of chemically vapour deposited TiC 
coatings. In need of particular attention in this respect is the work 
by Wike(21) in which fractographs of TiC coatings chemically vapour 
deposited on P. M. BT42 grade H. S. S. inserts revealed that the coating 
consisted of fine, equiaxed grains adjacent, /near to the coating/substrate 
interface with a rapid transition to coarser, more elongated grains in 
the bulk of the coating. It is pertinent to emphasize, however, that 
as mentioned in Section 8.1.2 the TiC coatings investigated by Wike 
(21) 
were found to exhibit a different preferred orientation, thus, whilst 
some correlation in grain size and shape is noted, there does exist a 
significant structural difference between the two coatings. 
With regard to TiC coatings chemically vapour deposited on cemented 
carbide substrates rather diverging results have been obtained. Whilst 
a number of workers have presented fractographs which show the bulk of 
the TiC coatings to consist of elongated/columnar type grains 
(29,36,54, 
63,79), 
these comparing quite well with the findings of the present work, 
several researchers have presented iractographs which revealed that the 
TiC coatings they examined were composed of equiaxed grains 
(19,22,55,62, 
74,80,81) (22) It is interesting to note, however, that both Dearnley 
and Snell- 
81). 
also observed a transition from fine grains at the coating/ 
substrate interface to relatively coarser grains at the surface of the 
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coating, the size variation of the equiaxed grains ranging from 
<0.2pm to -0.8pm and -0.02pm to 0.21im in the two works respectively. 
After the heat treatment used to harden the H. S. S. substrate it 
can be seen from Figure 3.26 that the fracture surface of the TiC 
coating on the heat treated, coated inserts appears to consist of more 
equiaxed type grains and whilst finer grains 
f0.15pm in diameter are 
present adjacent/near to the coating/substrate interface somewhat 
coarser grains of the order of 0.4pm in diameter can be seen near to 
the surface of the coating. From a comparison between the typical 
structure of the TiC coating on the heat treated, coated and as-coated 
inserts it would seem that a change in the structure of the TiC coating 
has occurred. It is interesting to note, however, that whilst Whittle 
(15) 
found that the typical structure of TiN coatings on heat treated, coated 
and as-coated inserts consisted of a thin (-lpm) layer of equiaxed 
grains adjacent to the coating/substrate interface, with much larger 
grains, exhibiting a tendency towards more columnar growth, in the bulk 
of the coating, he also noted that the substrate heat treatment did 
appear to significantly change the structure particularly in the bulk 
of the coating. Rather than attributing this structural change to the 
substrate heat treatment, however, he suggested that the increase in 
the H. S. S. substrate hardness after the heat treatment caused a change 
in the fracture mode of the TO coating from predominantly transgranular 
in the case of the coatings on the as-coated inserts, to predominantly 
intergranular in the case of the coatings on the heat treated, coated 
inserts and it was suggested that this change in fracture mode was 
responsible for the different observable features in the fractographs 
of the as-coated and heat treated, coated inserts. Such a change in 
fracture mode is also thought to account for the apparent difference in 
the structure of the TiC coating on the heat treated, coated and as- 
coated inserts in the present work. The fact that the typical relative 
intensities (see Figure 3.8 c. f. Figure 3.20) and surface grain structure 
(see Figure 3.17 c. f. Figure 3.28) of the TiC coating on the rake and 
flank faces of the as-coated and the heat treated, coated inserts are 
essentially the same is seen as lending support to the view that the 
substrate heat treatment procedure does not affect the structure of the 
TiC coating. 
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8.1.5 Surface condition assessment 
A number of facts are evident from the results of the surface 
roughness measurements taken on the rake and flank faces of two as- 
sintered and two as-coated inserts shown in Table 3.8. First it can 
be seen that the surface roughness values obtained for the two as- 
sintered inserts compare reasonably well, both on their rake and flank 
faces. It is, however, immediately evident that the roughness of the 
flank face of both inserts is considerably greater 
than that of the rake face. This is, of course, hardly 
surprising since the rake faces of the as-sintered inserts have been 
surface ground whereas the flank faces are in their as-sintered con- 
dition (see Section 3.1.1). Secondly, similar trends have also been 
found for the as-coated inserts (see Table 3.8) and these results are 
corroborated graphically by the typical Talysurf traces shown for the 
rake and flank faces of both types of insert in Figure 3.16. It 
should also be noted that the sharp peaks present on the Talysurf 
traces of the rake faces of the two as-coated inserts are thought to be 
a consequence of deep grinding marks on their surface and as such tend 
to disguise the surface roughness of the rake face of these inserts. 
Further supportive evidence for the greater surface roughness of the 
flank faces relative to the rake faces of these inserts can also be 
seen from the etched optical sections of the rake and flank faces of the 
as-sintered and as-coated inserts shown in Figures 3.13 and 3.14 
respectively. Thirdly, it can also be seen from the table that coating 
the inserts apparently Increases the surface roughness of both the rake 
and flank faces i. e. the surface roughness values are greater for the 
as-coated compared to the as-sintered inserts. 
With regard to the surface roughness values determined for 
chemically vapour deposited TiC coatings by other workers (see Section 
2.5), in his work on TiC coated P. M. BT42 grade H. S. S. inserts supplied 
by Edgar Allen Tools, Wike(21) presented surface roughness values which 
showed the same trends as those found in the present work but were 
smaller in magnitude throughout. It is also of interest to note that 
the surface roughness average values obtained for the TiC coating on 
the rake face of the as-coated inserts in the present investigation 
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are significantly smaller than the values of 0-811m Ra. and 1.111M 
R. M. S. (-0.9um Ra) obtained by Horvath and Perry 
(75) 
and, Schumacher(49) 
respectively; the latter value being considered by Schumacher to be 
the minimum value obtainable. 
Considering now the S. E. M. micrographs of typical regions of 
the TiC coating on the rake and flank faces of one of the as-coated 
inserts shown in Figure 3.17, it can first of all be seen that hemi- 
spherical protrusions are present on both the rake and flank faces and 
these are particularly prominent on the rake face. Such protrusions 
are not as clearly discernible on the flank face due partly to its 
rougher nature and also to the presence of a sparse population of 
particular-like growths which it supports, the latter not being present 
on the rake face. The size of the protrusions on the rake face 
typically range from -6 to -15pm in diameter. At higher magnification 
it is evident that the surface of the TiC coating on both the rake and 
flank faces consists of roughly acicular shaped grains of the order of 
fpm in size. Several other workers have also found acicular shaped 
grains at the surface of chemically vapour deposited TiC coatings 
(32p33p 
54), 
however, it should be noted that kiny more researchers have 
observed surface grains which are irregular or spheroidal in shape 
(see Section 2.5). The differences between the surface grain structures 
observed in the present work and some of those described in the litera- 
ture can be undoubtedly attributed to the effect of different deposition 
conditions. Indeed, as previously mentioned in Section 2.5, many of 
the investigations cited were concerned with just such effects. 
With regard to the surface roughness results obtained after the 
obligatory H. S. S. substrate heat treatment shown in Figure 3.27 and 
Table 3.14, it is evident that the surface roughness values for the TiC 
coating on the rake and flank faces of two heat treated, coated inserts 
compare reasonably well. It can also be seen that as with the as-coated 
inserts, the surface roughness of the coating on the flank face is con- 
siderably greater than on the rake face, due, undoubtedly, to the same 
reasons given earlier for the as-coated inserts. Further corroborative 
evidence for the rougher flank face can be seen from the etched optical 
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sections of the rake and flank faces of one of the heat treated, 
coated inserts shown in Figure 3.25. It. is, however, more difficult 
to assess the effect of the heat treatment used to harden the H. S. S. 
substrate on the surface roughness of the TiC coatings (see Figure 
3.27 and Table 3.14 c. f. Figure 3.16 and Table 3.8) but in general 
it would appear to have no effect. 
The S. E. M. micrographs of typical regions of the surface of the 
TiC coating on the rake and flank faces of one of the heat treated, 
coated inserts shown in Figure 3.28, confirm to a certain extent (as 
with the as-coated inserts), the roughness measurements made with the 
Talysurf i. e. the coating on the flank face is considerably rougher 
than that on the rake face. From a comparison of the S. E. M. micro- 
graphs of the typical regions of the surface of the TiC coating on the 
rake and flank faces of the as-coated and heat treated, coated inserts 
shown in Figures 3.17 and 3.28 respectively, it is clear that the 
surface grain structure of the TiC coating on the rake and flank faces 
of both types of insert is essentially the same. Such evidence leads 
overwhelmingly to the conclusion that the heat treatment procedure used 
to harden the H. S. S. substrate has no effect on the surface grain 
structure of the TiC coating. 
8.1.6 Microhardness tests 
As shown in Table 3.9 the average microhardness values determined 
for the TiC coating on the rake face of two of the as-coated inserts 
in the present work are 2602 and 2575 kg mm . Clearly, the two values 
Z 
obtained compare very well indeed. Whilst the microhardness of chemically 
vapour deposited TiC coatings have been determined by many researchers 
(see Section 2.6) it is not possible in most cases to make valid com- 
parisons between their values and those obtained in the present work due 
to the different test conditions employed (see Table 2.1). Exceptions 
to this are the studies by Wike(21), Perry and Horvath 
(47,48) 
and Hor- 
vath and Klemme 
(66) 
in which the microhardness of TiC coatings chemically 
vapour deposited on a variety of steel substrates and additionally in 
one case 
(b6), 
a cemented carbide substrate, were determined using the 
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same load (25g) as employed in the present work. The most relevant 
of these investigations is that by Wike in which the microhardness 
of a TiC coating on P. M. BT42 grade H. S. S., the same substrate 
material used in the present work, was determined using the same 
testing procedure employed in this study. In his work, a microhard- 
ness of 4008 kg mm -2 was determined for the TiC coating and this is 
clearly very much higher than the values obtained for the as-coated 
inserts in the present work. Similarly, the microhardness values 
obtained for TiC coatings on steel substrates by the other workers 
cited 
(47,48,66) 
range from 3300 ± 260 kg mm -2 to 3700 kg MM -2 with a 
value of 3420 kg mm -2 also being determined for the TiC coating on a 
cemented carbide substrate(66). Whilst these values are lower than 
that determined by Wike(21) they are still significantly greater than 
the values determined for the TiC coating on the as-coated inserts in 
the present work. 
In the case of the TiC coated inserts investigated by Wike it was 
noted previously in Section 8.1.1 that the stoichiometry of the TiC 
coating on the rake face of one of the inserts was slightly greater 
than that obtained for the TiC coating on the rake face of an as-coated 
insert in the present work, this being substantiated to a certain extent 
by the lattice parameter values determined for the TiC coatings on 
these inserts (see Section 8.1.2). Although it can be seen from Figure 
2.2, which shows the increase in the microhardness of bulk TiC with 
increasing C/Ti atom ratio, that such an increase in coating stoichio- 
metry would be expected to produce an increase in the coating micro- 
hardness, this increase would be minimal and could not account for the 
actual microhardness value obtained by Wike(21). Alternativdly, it 
is suggested that the increased microhardness of the TiC coating examined 
by Wike (and indeed the TiC coatings examined by the other workers cited) 
could have arisen as a consequence of the different deposition conditions 
employed. The effects of the major C. V. D. process parameters on the 
microhardness of the TiC coatings is dealt with in more detail in Section 
8.2.6. 
The average microhardness values obtained for the TiC coating on 
the two heat treated, coated inserts can be seen from Table 3.15 to be 
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2646 and 2812 kg mm 
2. Whilst the two values determined for the 
TiC coating on the two heat treated, coated inserts do not compare 
as well as those found for the TiC coating on the as-coated inserts, 
the difference is not considered to be significant (i. e. -6%). 
Furthermore, the microhardness value of the TiC coating on insert 1 
(see Table 3.15) compares very well indeed with the two values obtained 
for the TiC coating on the as-coated inserts (see Table 3.9), however, 
that of the TiC coating on insert 2 (see Table 3.15) differs slightly. 
The difference is not greater than -9% and thus, 'in general, it is felt 
that the average microhardness values of the TiC coating on the as- 
coated and heat treated, coated inserts compare fairly well. It is con- 
cluded that the substrate heat treatment procedure does not therefore 
significantly affect the microhardness of the TiC coating. 
8.1.7 Scratch adhesion tests 
As previously noted in Section 3.3.7 scratch adhesion tests were 
only carried out on the heat treated, coated inserts and not on the 
as-coated inserts since the lower hardness of the H. S. S. substrate of 
the latter (see Table 3.7 c. f. Table 3.13) would preclude any meaning- 
ful comparison. It was found from the scratch tests that the lowest 
load which gave rise to flaking (local coating losses) at the edges of 
the scratch channels on the two heat treated, coated inserts was 7kg. 
An S. E. M. micrograph showing the typical flaking observed at this load 
together with the corresponding Ti and Fe K. X-ray maps is shown in 
Figure 3.35 and it is evident from this figure that the type of coating 
flaking is typical of mixed adhesive/cohesive failure. That is, in part 
of the region where flaking has occurred the H. S. S. substrate is exposed. 
Whilst the experienced eye can recognise this from Figure 3.35(a) it is 
clear in Figure 3.35(c) that Fe has been detected in the region of flak- 
ing this being indicative of exposure of the H. S. S. substrate and, in 
addition, it is also evident from Figure 3.35(b) that the TiC coating 
has not been totally removed from this region i. e. some Ti has been 
detected within the region of flaking. It is thought likely that such 
local losses of the TiC coating are initiated by cracking at the coating/ 
substrate interface followed by propagation through the coating/substrate 
interface and the TiC coating. 
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In the previous investigations of the adhesion of chemically 
vapour deposited TiC coatings (see Section 2.7) failure on both 
cemented carbide 
(100,101) 
and steel 
(99-102) 
substrates has also been 
characterised by local coating loss or flaking. Although for the 
reasons given by Butler 
(106), 
Mukherjee et al 
(107) 
and Oroshnik and 
Croll(105) (see Section 2.7), valid comparisons between the results 
of the present work and those reported in the literature cannot be 
made, it is interesting to note that in all the works cited flaking 
of the TiC coating was found to occur at considerably lower loads 
(-1 to -4kg) than those determined in the present work. In addition, 
whilst adhesive type flaking has been observed for TiC coatings on 
cemented carbide 
(101) 
and steel 
(99) 
substrates, and cohesive type 
flaking for TiC coatings on steel 
(102) 
substrates, only Hintermann 
and Laeng(100) reported that a mixed cohesive/adhesive failure mode 
was operative for TiC coatings chemically vapour deposited on steel 
substrates. 
It was also found in the present work that the lowest load required 
to almost completely strip the TiC coating from the two heat treated, 
coated inserts was 8.0 kg. The S. E. M. micrographs of scratch channels 
produced on one of the inserts at loads of 7.5 and 8.5 kg, together 
with their corresponding Ti and Fe Ka X-ray maps, shown in Figure 3.34, 
substantiate this. Whilst the scratch channel corresponding to the 
load of 7.5 kg (see Figure 3.34(a) - upper set) has not exposed any of 
the H. S. S. substrate, this being confirmed by the absence of Fe in the 
region of the scratch channel in the X-ray map of Figure 3.34(c) and 
the virtual uniform, presence of Ti in the X-ray map of Figure 3.34(b), 
the situation for a load of 8.5 kg is quite different. Here a con- 
siderable amount of Fe was detected in the scratch channel region (see 
Figure 3.34(c) - lower set), indicative of the exposed H. S. S. substrate 
and, in addition, Figure 3.34(b) shows the corresponding absence of Ti 
(i. e. the TiC coating) in the same region. From a qualitative inspection 
of the scratch channels thus produced and their corresponding elemental 
maps, a load of 8 kg was considered to virtually completely remove the 
TiC coating from the H. S. S. substrate. 
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Of the previous investigations cited in Section 2.7 only 
Breval(34) attempted to use the load required to completely remove 
a chemically vapour deposited TiC coating from its substrate as the 
criterion for assessing coating adhesion, the TiC coating in his 
work having been deposited on a cemented carbide substrate. Although 
for the reasons given earlier no direct comparison can be made be- 
tween the results obtained in the present work and those reported by 
Breval, it is interesting to note that the load required to completely 
remove the TiC coating from the substrate in his work was found to be 
3.5 kg. 
8.2 Effect of Process Parameters on C. V. D. of TiC Coatings on 
P. M. BT42 Grade H. S. S. Inserts 
In this section, the results obtained from the investigation of 
the effect of CH4/TiCly mole ratio and deposition temperature on the 
C. V. D. of TiC coatings (see Chapter 5.0) on the P. M. BT42 grade H. S. S. 
inserts in the Plansee plant at Edgar Allen Tools are discussed. It 
is pertinent to mention that in order to simplify the identification 
of the different CH4/TiClq mole ratios referred to in this sectiony 
they will be referred to using the desired values of 1,2,3,4 and 5 
rather than the values of 1.01,2.17,3.06,3.79 and 5.12 actually 
achieved (see Table 5.3). 
8.2.1 Effect of CHy/TiCly mole ratio and deposition temperature on 
TiC coating thickness 
Consideration will first be given to the effect of deposition 
temperature on TiC 'coating thickness. It can be seen from Figure 5.2 
that the thickness of the TiC coating deposited on the P. M. BT42 
grade H. S. S. substrate increases exponentially as the deposition tempera- 
ture increases. This is not surprising since it has been found in many 
previous investigations that the growth of chemically vapour deposited 
TiC coatings on steel and cemented carbide substrates is a thermally 
activated process with an Arrhenius type relationship existing between 
the deposition rate and the deposition temperature (see Section 4.3). 
The activation energy for the chemical vapour deposition of TiC 
on the P. M. BT42 grade H. S. S. inserts in the present work was determined 
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by plotting Loge of the average coating thickness (i. e. coating 
thicknessa deposition rate) of the ten inserts previously selected 
from each of the coating runs carried out at the different deposition 
temperatures (see Section 5.1), against the recriprocal of deposition 
temperature, an activation energy of 179 kJ mol-1 (42.5 kcal mol-1) 
being subsequently evaluated from the gradient. The fact that the 
value compares fairly well with that of 202 kJ mol 
1 (48 kcal mol-I) 
determined by Takahashi et al 
(23) 
(see Section 4.3) for the chemical 
vapour deposition of TiC on steel via the substrate reaction suggests 
that the substrate reaction is particularly influential during the 
deposition of TiC on the P. M. BT42 grade H. S. S. substrate. It is also 
of interest to note that the magnitude of the activation energy deter- 
mined in the present work is typical of that for a surface process 
indicating that the most likely rate controlling step in the deposition 
(197) 
process is the adsorption of reactants on the substrate surface. 
Turning now to the effect of CH4/TiC14 mole ratio, it is evident 
from Figure 5.1 that increasing the mole ratio from 0 to 3 results in 
a fairly steep increase in the coating thickness. Further increases 
in the mole ratio continues to cause an increase in coating thickness 
although the effect is less marked and the evidence suggests that the 
coating thickness begins to level off as the CHy/TiCl4 mole ratio 
approaches a value of 5. Also included in the figure, for the purpose 
of comparison, is the data of Cho and Chun 
(64) 
which shows the effect 
of CH4/TiCly mole ratio on the thickness of TiC coatings chemically 
vapour deposited at a temperature of 1050°C (the same deposition temp- 
erature used for the CHy/TiCly mole ratio investigation in the present 
work) on a cemented carbide substrate. It is apparent that for mole 
ratios <3 their curve bears some resemblance to that determined in the 
present work with the coating thickness increasing, albeit more 
rapidly, with increasing mole ratio. However, in contrast to the 
present findings Cho and Chun 
(64) 
also observed an equally dramatic 
decrease in the coating thickness for increases in mole ratio above 3. 
Furthermore, they suggested that deposition of TiC is mainly controlled 
by the heterogeneous reaction on the substrate for CH4/TiCl4 mole ratios 
155 
less than 3.0, the homogeneous reaction in the gas phase being 
the controlling mechanism at CHa/TiCly mole ratios greater than 3 
(see Section 4.4). Whilst they did not give a coherent explanation 
for the fall in coating thickness at mole ratios greater than 3, 
simply commenting that this was due to excess CHq, as they did observe 
powder formation at the higher mole ratios it would appear that 
nucleation in the gas phase may have interrupted the deposition of 
TiC on the substrate. It is inferred from this that deposition of 
TiC on the P. M. BT42 grade H. S. S. inserts in the present work is likely 
to be arrested at some mole ratio greater than 5 and then eventually 
decrease. 
Another noticeable difference between the two curves is that a 
considerably thicker TiC coating is deposited on the P. M. BT42 grade 
H. S. S. substrate compared to the cemented carbide substrate at a CH4/ 
TiCl4 mole ratio of 0 i. e. 2.4pm for the H. S. S. c. f. 0.4pm for the 
cemented carbide substrate. This substantiates the earlier suggestion 
that the substrate reaction is particularly influential during the 
C. V. D. of TiC on P. M. BT42 grade H. S. S. substrate. The stronger sub- 
strate reaction in the case of the H. S. S. substrate is thought to be 
a consequence of the higher concentration of available carbon together 
with the latter's greater nobility in an Fe matrix compared to the 
cemented carbide substrate. Hence, with regard to the P. M. BT42 grade 
H. S. S. substrate it is proposed that in the presence of a strong sub- 
strate reaction, the deposition reaction is less sensitive to changes 
in the reactant gas concentration and this explains to a certain extent 
why the increase in coating thickness is less marked for the H. S. S. 
substrate. 
8.2.2 Effect of CHg/TiCly mole ratio and deposition temperature 
on TiC coating composition 
Several points are evident from the A. E. S. analyses shown in 
Figure 5.7 for the TiC coatings deposited at the different CHy/TiC1y 
mole ratios. Firstly, no oxygen was found to be present in any of the 
TiC coatings and this is thought to give further credence to the suggest- 
ion made earlier in Section 8.1.1, that the small amount of oxygen found 
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to be present in the'TiC coatings deposited under the standard 
deposition conditions, may have been introduced as a result of con- 
tamination of reactant gases and/or H2 carrier gas with water vapour. 
Secondly, in general, it is apparent that increasing the CHy/TiCly 
mole ratio has a small, but significant effect on the concentrations 
of titanium and carbon in the coating. It can be seen from Figure 
5.7(a) and (b) that increasing the CHy/TiCly mole ratio results in a 
small decrease in the Ti content which together with a small increase 
in the C content effectively causes an increase in the stoichiometry 
of the bulk of the coating from 0.81 to 0.86. Thirdly, the analyses 
taken at a point in the coating near to the coating/substrate inter- 
face, but which was not in the coating/substrate diffusion zone, do 
not follow this trend, but rather, as is evident from Figure 5.7(c), 
the stoichiometry of the TiC coatings deposited at a CH4/TiCl4 mole 
ratio of 0 is 0.848 and this decreases to 0.818 at a mole ratio of 3, 
a consequence of increasing titanium and decreasing carbon contents of 
the coating. For CH4/TiC14 mole ratios greater than 3 the converse is 
true. 
Whilst the layers of the TIC coating immediately adjacent to the 
coating/substrate interface grow as a result of the initially strong 
substrate reaction, once the TIC layer is thick enough to inhibit the 
substrate reaction the bulk of the coating is subsequently deposited 
by an increasingly more dominant overall reaction (see Section 4.2). 
With this in mind it is tentatively suggested that the variations found 
in the composition of the layers of the coatings immediately adjacent 
to the coating/substrate interface (see Figure 5.7(c)) and the bulk of 
the TIC coatings (see Figure 5.7(a) and (b)) reflect the effect of CHy/ 
TiC14 mole ratio on the substrate and overall reactions. Whilst this 
is certainly true in the case of the bulk it should be noted that the 
extent of the coating/substrate diffusion zone in each coating could 
only be estimated from previous experience and hence the analyses taken 
near to the coating/substrate interface should be treated with a certain 
amount of caution. From the foregoing, it is apparent that the higher 
CHa/TiCla mole ratios offer the most favourable conditions for the 
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deposition, by the overall reaction of TiC coatings with increased 
stoichiometry. Taking the compositional data obtained at a point 
in the coating near to the coating/substrate interface, but which 
was not in the coating/substrate diffusion zone, at face value, it 
would appear that the relatively low carbon concentration for a mole 
ratio of3 indicates that the conditions favour the suppression of 
the substrate reaction. Certainly, the increased activity of carbon 
in the Plansee C. V. D. reactor due to the increased mole ratio (in- 
creasing CHy flowrate) would be expected to have this effect. However, 
if this is so, it is difficult to explain the increases in the carbon 
contents in the TiC coatings near to the coating/substrate interface 
for CH4/TiCly mole ratios greater than 3. Clearly, more detailed work 
needs to be carried out if this situation is to be resolved. 
With specific regard to the TiC coating deposited at a CHy/TiCly 
mole ratio of 0, (substrate reaction) it is evident from the carbon and 
titanium analyses indicated in Figure 5.7 that the stoichiometry of 
the coating is significantly lower in the bulk of the coating compared 
to that at a point in the coating near to the coating/substrate inter- 
face. This can be attributed to the growing TiC coating having 
increasingly hindered the diffusion of carbon from the region of the 
substrate adjacent to the coating/substrate interface, to the active 
surface sites, and to the gradual denudation of C in the upper layers 
of the substrate. The observation is in keeping with the proposed mech- 
anism by which the substrate reaction occurs (see Section 4.2). 
With regard to the effect of deposition temperature on the com- 
position of the TiC coatings, it is evident from Figure 5.8(a) and (b) 
that no significant compositional changes have occurred within the bulk 
of the coatings, their stoichiometries having remained relatively con- 
stant. It is interesting to note, however, that the analyses at a 
point in the TiC coatings near to the coating/substrate interface reveal 
a slight increase in the carbon content with increasing deposition 
temperature. Although for the reason given earlier, a degree of caution 
needs to be exercised, it may be that this increase is indicative of the 
substrate reaction becoming more active at the higher temperatures and, 
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if so, this is undoubtedly a consequence of the increased diffusion 
rates. 
In common with the present investigation, in their work on TiC 
coatings chemically vapour deposited on a graphite substrate, Nickl 
and Reichle(85) observed an increase in the coating stoichiometry 
with increasing CC14/TiC14 mole ratio whilst the deposition tempera- 
ture was found to have little effect (see Section 4.4). They also 
found that the stoichiometry of the layers of the TiC coatings close 
to the coating/substrate interface were higher than the-outer layers, 
this being attributed to diffusion of carbon from the substrate. This 
is seen as lending some support to the suggestion made earlier that 
the compositional variations found to occur with increasing CHy/T1Cly 
mole ratio and deposition temperature at a point in the TiC coating 
near to the coating/substrate interface reflects the influence exerted 
by the substrate reaction. 
8.2.3 Effect-of CH4/TiCly mole ratio and deposition temperature on 
preferred orientation and lattice parameter of TiC coatings 
From Figure 5.3 which shows the effect of CH4/TiC14 mole ratio 
on the preferred orientation of the TiC coatings a number of observa- 
tions can be made. First it can be seen that the coatings deposited 
at the different mole ratios exhibit a significant amount of preferred 
orientation this being in stark contrast with the random orientation 
of the TiC powder. It can also be seen from the figure that whilst 
the coating deposited at a mole ratio of 0 (substrate reaction) 
exhibits slight preferred orientation of the {111} planes, the coatings 
deposited at higher mole ratios have preferred orientation of the {220} 
planes. In all cases, the reflection due to the {200} planes is 
strongly suppressed. The {220} preferred orientation exhibited by the 
coatings deposited at mole ratios greater than 0 increases considerably 
for increases in mole ratio up to 2, however, the {220} preferred 
orientation of coatings deposited at higher mole ratios is approximately 
constant. This is considered to fit fairly well with the earlier 
observed effect of mole ratio on coating thickness (see Section 8.2.1), 
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the coating thickness first increasing relatively rapidly for 
increases in mole ratios up to 2 with further increases in mole 
ratio not having as pronounced an effect., Since it is known that 
the coating deposited by the substrate reaction shows slight 
{111} 
preferred orientation, it is suggested from the foregoing that the 
{220} preferred orientation is representative of those layers of the 
TiC coatings deposited by the overall reaction. This is further 
reinforced (see Section 7.2.1) by the fact that the TiC coating dep- 
osited during run li (see Figure 7.8) which has also been deposited 
at a mole ratio of 1, but in this case for a longer deposition time, 
in order to deposit a coating 4.5 ± 0.5pm thick (see Section 5.8), 
exhibits a considerably stronger 
{220} reflection and a weaker {111} 
reflection than the coating deposited at a mole ratio of 1 during run 
2 (also see Figure 7.8). Having said this it is clear that even at 
the higher mole ratios the relative intensity due to the {111} reflect- 
ion is still quite large and this adds further support to the suggestion 
made earlier in Section 8.2.1 that the substrate reaction is particul- 
arly strong during the deposition of TiC on P. M. BT42 grade H. S. S. 
It is interesting to note that in their work on TiC coatings 
chemically vapour deposited on cemented carbide substrates, Lee et al 
(32) 
and Lee and Chun 
(33), 
whilst finding different preferred orientation 
to the present work, did find that a transition occurred from random 
orientation for coatings deposited at mole ratios 
X1.25 to {111} 
preferred orientation for coatings deposited at higher mole ratios (see 
Section 4.4). 
The most prominent feature of Figure 5.4, which shows typical 
relative X-ray intensities for the TiC coatings deposited at the three 
different deposition temperatures, is a dramatic increase in the 
relative intensity due to the {220} reflection which occurs with in- 
creasing temperature. As with the coatings deposited at the different 
mole ratios the relative intensity of the {200} planes is strongly 
suppressed in all three cases. The differences in the relative inten- 
sities of the reflections for the coatings deposited at increasing 
temperatures can be rationalised by considering the effect of tempera- 
ture on coating thickness (see Section 8.2.1) together with the remarks 
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made earlier regarding the different preferred orientations exhibited 
by the coating deposited by the substrate reaction and those layers 
of the TiC coatings deposited by the overall reaction. With these 
points in mind it is proposed that the preferred orientation of the 
thickest coating, that deposited at 1100°C, reflects to the largest 
degree the preferred orientation of the TiC layers in the upper region 
of the coating i. e. TiC deposited by the overall reaction. In con- 
trast, the typical relative X-ray intensities of the coatings deposited 
at temperatures of 1000°C and 1050°C have been modified to a greater 
extent by the structure of the TiC layers close to the coating/substrate 
interface deposited by the substrate reaction and it can be seen that 
the relative intensity of the reflections due to their {111} planes 
are larger than that for the coating deposited at 1100°C. These 
suggestions are further supported by the fact that the major relative 
X-ray intensities of the TiC coating deposited during run 13 (see 
Figure 7.8), which had also been carried out at a deposition temperature 
of 1100°C, but, using a shorter deposition time in order to deposit a 
coating 4.5 ± 0.5pm thick (see Section 5.8), is not only comparable to 
the relative X-ray intensities exhibited by the coating deposited at 
1050°C (see Figure 5.4) but is also similar to those of the coatings 
deposited at the higher mole ratios which are of similar thickness (see 
Table 5.13 c. f. 5.4). 
Lee et al 
(32) 
and Lee and Chun 
(33) 
have investigated the effect 
of deposition temperature on the preferred orientation of TiC coatings 
chemically vapour deposited on cemented carbide substrates via both the 
substrate and overall reactions (see Section 4.3). They concluded that 
whilst there was little temperature dependence of relative X-ray inten- 
sities for the coatings deposited by the substrate reaction, there were 
large changes in the relative X-ray intensities for coatings deposited 
by the overall reaction. It should be noted that their last conclusion 
is not explained fully nor is any consideration given to either the 
effect of deposition temperature on coating thickness (in the context 
of their X-ray results) or the influence of the substrate reaction on 
the relative X-ray intensities for TiC coatings deposited by the overall 
reaction. It is apparent from their results, however, that X-ray data 
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obtained for the coatings deposited by the overall reaction at'+lower 
temperatures (1000 and 1050°C) do compare to those determined for 
the coatings deposited by the substrate reaction at these tempera- 
tures. Moreover, a transition occurs with regard to the preferred 
orientation of coatings deposited by the overall reaction at higher 
temperatures (1100 and 1150°C) this being different from the relative 
X-ray intensities of coatings deposited by the substrate reaction at 
the same temperatures. Hence, as would be expected from the remarks 
made earlier for the present work, it appears from the work of Lee 
et al 
(32) 
and Lee and Chun 
(33) 
that coatings deposited at lower tempera- 
tures (thinner coatings) exhibit relative X-ray intensites more remin- 
iscent of those of coatings deposited by the substrate reaction alone 
whilst coatings deposited at higher temperatures (thicker coatings) 
exhibit preferred orientations more representative of the layers of 
the TiC coatings deposited by the overall reaction. 
With regard to the effect of CHy/TiC14 mole ratio and deposition 
temperature on the lattice parameter of the chemically vapour deposited 
TiC coatings it is clearly evident from Figures 5.5 and 5.6 that 
increases in both these parameters cause an increase in the coating 
lattice parameter, with mole ratio having the greatest effect. 
With regard to the coatings deposited at the different mole ratios 
some increase in the lattice parameter would be expected since, as 
mentioned in Section 8.2.2, it was found that coating stoichiometry 
(C/Ti atom ratio) increases as the mole ratio is increased and it has 
been previously established 
(42) 
that the lattice parameter of TiC 
increases with increasing C/Ti atom ratios below -0.86 (see Figure 2.1). 
It should be noted, however, that the increases found in the coating 
stoichiometry cannot entirely account for the increase in lattice para- 
meter observed, even if, the fact that as mentioned in Section 8.1.2, 
the curve illustrated in Figure 2.1 represents the best fit to a com- 
pilation of data which does show a significant amount of scatter not 
indicated, is considered. Consequently, to account for the differences 
in lattice parameter it would seem likely that increasing the mole ratio 
also affects some other property of the coating which together with the 
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increases in coating stoichiometry contribute in part to the increases 
in lattice parameter. It is tentatively suggested that this property 
might be the dislocation density of the coatings since this would 
tend to increase the level of internal strain in the, coatings and this 
would also be expected to increase the coating lattice parameter. It 
is pertinent to mention that nowhere in the literature have such 
points been considered and since the present suggestions have not been 
resolved experimentally it is clear that more work needs to 
be done in 
this area. 
If the situation is unclear with regard to the effect of mole 
ratio it might seem to be even more clouded when considering the effect 
of temperature on the lattice parameter of the TiC coatings since in 
this case no significant compositional variations were found in the 
bulk of the coatings (see Section 8.2.2). It is more likely in this 
case, however, that the increase is primarily due to an increase in 
the level of internal strain in the coatings, a consequence of the diff- 
erence in coefficient of linear expansion of the coating and the sub- 
strate and cooling from progressively higher temperatures. 
8.2.4 Effect of CH4/TiC3.4 mole ratio and deposition temperature 
on TiC coating structure 
Turning now to the typical grain structures of the TiC coatings 
deposited at the 6 different CHy /TiC14 mole ratios shown in Figure 
5.11, it is evident that with the exception of the coatings deposited 
at a mole ratio of 5, all the coatings are generally composed of sub- 
micron sized grains. In addition, it can be seen that the coatings 
deposited at mole ratios of 0 and 1 consist of grains apparently 
lacking directionality. Although this would not appear to be true for 
grains immediately adjacent to the coating/substrate interface of the 
coating deposited at a mole ratio of 1 it should be noted that the 
true nature of the grains in this region is obscured as a result of 
an oblique fracture. Although the coatings deposited at higher. mole 
ratios (> 2) consist of similar type grains adjacent/close to the 
coating/substrate interface, in contrast to this, coarser grains are 
also present in the upper layers of the coating near to their surface, 
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a transitional region from one grain type to another occurring in 
the middle of the coatings. Whereas the coarser grains near to 
the surface of the coatings deposited at mole ratios of 2 to 4 show 
more directionality than the grains adjacent to the substrate, 
these being oriented normal to the coating/substrate interface, 
those present in the coatings deposited at a mole ratio of 5 are 
more equiaxed in shape with some of these grains being of the order 
of Zum in size. In the latter case these observations are consistent 
with the surface grain structure found for these coatings (see Section 
8.2.5 and Figure 5.13 (e) and (f)). 
The difference in the grain structure of the upper and lower 
layers of the coatings deposited at the higher mole ratios (Z2) is 
consistent with the roles it was suggested are played by the substrate 
and overall reactions (see Section 8.2.3). It is proposed that the 
substrate reaction is primarily responsible for the growth of the fine 
more equiaxed grains adjacent/close to the coating/substrate inter- 
face with the transition region in the bulk of the coating occurring 
as a consequence of the increasing domination of the overall reaction, 
the more coarse and elongated grains (more equiaxed with regard to the 
coating deposited at a mole ratio of 5) being primarily deposited by 
the overall reaction. Two points give credence to these suggestions. 
First, as was evident from the X-ray diffraction results (see Section 
8.2.3) the coatings deposited by the substrate reaction exhibit differ- 
ent preferred orientation to those of the coatings deposited at higher 
mole ratios and this correlates to some extent with the different grain 
structures observed in the fractographs. Second, the layers consisting 
of more coarse grains near to the coating surface are completely absent 
from the coatings deposited at mole ratios of 0 and 1. Since the 
overall reaction is absent in the former case and of little significance 
in the latter this result is hardly surprising. The latter point is 
also borne out by the X-ray diffraction results in that the {220} 
reflection, which was found to be strong for the layers of the coating 
deposited by the overall reaction, is significantly weaker for the 
coatings deposited at both a mole ratio of 0 and 1 (see Section 8.2.3). 
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Similarly, it can be seen from Figure 5.12, which shows the 
fractographs obtained for the coatings deposited at the three 
deposition temperatures that the typical grain structure of the 
coatings resembles that of the coatings deposited at the higher 
mole ratios. The coatings deposited at 1000°C and 1050°C can be 
seen to consist of fine grains, apparently lacking directionality, 
in a region adjacent/close to the coating/substrate interface, with 
coarser more elongated grains, oriented normal to the coating/sub- 
strate interface visible towards the surface of the coatings. Whilst 
similar features can be discerned within the coating deposited at 
1100°C it should be said that the fractograph in this case is not 
quite as revealing with respect to the grain structure. Nevertheless, 
it is felt that the general observations are in fair agreement with 
the X-ray diffraction results (see Section 8.2.3), the differences in 
the thickness of the coarser grained layers close to the surface of 
the coatings (maintained earlier to arise from deposition by the over- 
all reaction) correlating to some extent with the increased relative 
intensity of the {220} reflection in Figure 5.4. Certainly, the 
layer of coarser grains appears thicker for the coating deposited at 
1050°C compared to that of the coating deposited at 1000°C and the 
higher temperature would be expected, given the comments made in Section 
8.2.3, to produce a stronger {220} reflection. 
Not surprisingly, Figure 5.12 also shows that the overall thick- 
ness of the TiC coatings increases with increasing deposition tempera- 
ture, undoubtedly a consequence of increased diffusion rates enhancing 
deposition by both the substrate and overall reactions. There is also 
a suggestion, particularly with regard to the coarser grains in the 
upper layers of the coatings, that increasing the deposition temperature 
causes an increase in the grain size of the coatings and this compares 
favourably with the increase in surface grain size found for these 
coatings (see Section 8.2.5). 
8.2.5 Effect of CH4/TiC14 mole ratio and deposition temperature 
on surface roughness and surface grain structure of TiC coatings 
The effect of CH4/TiCl4 mole ratio on the surface grain structure 
of the chemically vapour deposited TiC coatings will be considered first. 
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From Figure 5.15, which shows the typical surface grain structures 
for the coatings deposited at the six different CHL/TiC14 mole ratios, 
it can be seen that the surface grain structure of the coating 
deposited at a mole ratio of 0 is considerably different to that of 
the coatings deposited at higher mole ratios. This is not altogether 
surprising since the nucleation and growth of the coating has occurred 
solely as a result of the substrate reaction in this case. Its 
surface consists of many shallow-domed hemispherical protrusions 
approximately 3 to 6pm in diameter with many having grow0 together 
to produce an assymmetric morphology. Before continuing with a des- 
cription of the surface grain structure of the coatings deposited at the 
higher mole ratios it is pertinent to mention here that the surface 
morphology found by Breval(34) for a TiC coating chemically vapour dep- 
osited on a cemented carbide substrate (at 1050°C, using a CH4/TiCl4 
mole ratio of 1 and a deposition time of 10 minutes) looks surprisingly 
similar to the surface of the TiC coating deposited at a mole ratio of 
0 in the present work (see Section 4.3). It is suggested, given the 
short deposition time employed by Breval, that the morphology he 
observed reflects that of a coating deposited by a dominating substrate 
reaction, the overall reaction still playing a relatively minor role 
in the deposition reaction at this stage. With regard to the coating 
deposited at a mole ratio of 1 in the present work (see Figure 5.15(c) 
and (d)) it is clear that a transitional change in the surface grain 
structure is taking place, the surface grains of this coating consisting 
of relatively coarse acicular shaped grains, typically 0.5 to 1.0-pm 
in length. The relief of the surface, however, is still reminiscent 
of the surface of the coating deposited at a mole ratio of 0, suggesting, 
as mentioned previously in Section 8.2.4, that the overall reaction at 
this mole ratio plays little part in the deposition reaction. Neverthe- 
less, it has resulted in the deposition of the acicular shaped grains and 
it is speculated given the aforementioned evidence, that these grains 
make up only a thin layer on a surface primarily influenced by the sub- 
strate reaction. The surface of the coatings deposited at higher mole 
ratios (2 to 5) are considered to be increasingly representative of 
coatings deposited by the overall reaction and in general a coarsening 
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of the surface grains and a change in grain shape from acicular 
to more equiaxed is seen to take place. This is particularly 
evident for coatings deposited at mole ratios of 3 to 5, the surface 
of these coatings exhibiting surface grain sizes of -lpm and -2pm 
respectively. Furthermore, the surface of the coating deposited at 
a mole ratio of 5 can be seen to consist of more equiaxed type grains. 
These observations are considered to support the previous suggestions 
(see Section 8.2.4) that the upper layers of the TiC coatings deposited 
at higher mole ratios (i. e. >1) are deposited as a result of a domina- 
ting overall reaction and this is also verified to a certain extent by 
the X-ray diffraction results (see Section 8.2.3). In addition, this 
is also felt to be in keeping with the coating thickness results 
(see Section 8.2.1) since the increased thickness of the coatings 
deposited at higher mole ratios could only have arisen due to an 
increase in deposition by the overall reaction. 
With reference to the protrusions observed on the surface of the 
TiC coating (standard deposition conditions) visible in the unetched 
optical cross-section of the heat treated, coated insert (see Section 
8.1.3 and Figure 3.23(c)) it should be noted that although not parti- 
cularly obvious from the S. E. M. micrographs in Figure 5.15(g) and (h), 
the surface of the coating deposited at a mole ratio of 3 was covered 
with many rather large protrusions which appeared to differ in nature 
from the protrusions observed on the coatings deposited at lower mole 
ratios, the latter being suggested to be associated with those formed by 
deposition of the coating at a mole ratio of 0 (substrate reaction). 
The protrusions referred to can be clearly seen in the etched optical 
cross-section shown in Figure 5.9(d).. Whilst the origin of such pro- 
trusions is unclear it has been proposed by Baik et al 
(35) 
(see Section 
4.6) that under certain conditions the growth of chemically vapour 
deposited TiC coatings is faster at the tip of an asperity and it is 
tentatively suggested that the protrusions observed in the present work 
are associated with particular deposition conditions. 
The general increase in surface grain size found for the coatings 
deposited at the higher mole ratios in the present work is in direct 
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contrast to the work of Lee et al 
(32) 
and Lee and Chun 
(33) 
in which 
it was found that increasing the CH4/TiCly mole ratio caused a 
decrease in the surface grain size of TiC coatings chemically vapour 
deposited on a cemented carbide substrate (see Section 4.4). They 
suggested that this was due to higher concentrations of hydrocarbon 
reactant gas increasing the degree of supersaturation of TiCly and 
hence causing an increase in the nucleation rate. At the present 
time a coherent explanation for the difference between the findings 
of the present work and those described in the literature cannot be 
given. Clearly, more work is required in this area if this situation 
is to be resolved. 
From Figure 5.16 which shows the typical surface grain structures 
of TiC coatings deposited at the three different temperatures, it is 
evident that as in the mole ratio investigation, significant changes 
in grain shape and size have occurred with increasing deposition 
temperature. Firstly, as previously mentioned , 
the TiC coating deposited at 1000°C was always accompanied 
by 'soot' formation and soot particles are clearly visible on its 
surface. Their presence only on the surface of the TiC coating suggests 
that conditions only favour their formation sometime after the coating 
has been formed. Obviously the phenomenon is associated with the 
thermodynamics of TiC and soot deposition. It has been noted by 
Rossignol et al 
(121) 
(see Section 4.5) that coating growth can be dis- 
turbed by carbon deposits and Baik et al 
(35) 
(see Section 4.4) con- 
cluded that soot formation at relatively low temperature was responsible 
for decreased deposition rates. However, although interruption of TiC 
deposition cannot be ruled out in the present work the fact that acicu- 
lar shaped grains are present at the coating surface (c. f. coating 
surface deposited at a CH4/TiCl4 mole ratio of 1, Figure 5.15 (c) and 
(d))'suggests that the upper layers of the coating are deposited by the 
overall reaction. This is also supported by observations made in the 
fractographs (see Section 8.2.4 and Figure 5,12(a) and (b)) earlier. 
It is evident that the surface of the coatings deposited at higher 
temperatures consists of numerous pyramidal type grains interspersed 
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with the acicular grains and, in addition, increasing the deposition 
temperature causes a coarsening in the surface grain size. Similarly, 
many other workers 
(32,33,35,84,115) 
have found that the surface 
grain size of chemically vapour deposited TiC coatings increases with 
deposition temperature (see Section 4.3) and this has been attributed 
to a decrease in the reactant supersaturation and hence nucleation 
rate. In contrast to the situation regarding the mole ratio investiga- 
tion, with respect to the effect of deposition temperature, the 
findings of the present work are in full agreement with those in the 
literature and the explanations given there are equally applicable. 
Although the Talysurf traces for the coatings deposited at the 
6 different mole ratios and 3 different deposition temperatures are 
difficult to interpret (see Figures 5.13 and 5.14) since it is felt 
that grinding marks i. e. scratches on the H. S. S. substrates (spikes 
on the Talysurf traces) mask the trends observed and render the rough- 
ness average (Ra) values in Tables 5.5 and 5.6 of little use, two 
points can be seen. First, whilst it is evident that the surface 
roughness decreases with increasing mole ratios from 0 to 2, it in- 
creases at higher mole ratios (see Figure 5.13). Secondly, the coat- 
ing deposited at a temperature of 1050°C is less rough than the coat- 
ings deposited at the other two temperatures (see Figure 5.14). Both 
these observations are confirmed by the differences found in the 
surface grain structure of these coatings. 
8.2.6 Effect of CH4/TiCly mole ratio and deposition temperature 
on TiC coating microhardness 
It is evident from Figure 5.19 which shows the effect of CHI. /TiCly 
mole ratio on the microhardness of the chemically vapour deposited TiC 
coatings, that the microhardness values determined for coatings 
deposited at the six different mole ratios generally increase as the 
-mole ratio increases. In addition two further points should be noted. 
First, it can be seen that the average microhardness of the coating 
deposited at a mole ratio of 0 (substrate reaction) is slightly higher 
than that deposited at a mole ratio of 1. This may be associated with 
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the grains of the former coating being finer than those comprising 
the latter coating and/or the difference in preferred orientation 
of the two coatings (see Section 8.2.3), certainly it has been found 
previously that preferred orientation does exert a significant 
influence on coating microhardness (see Section 2.6). The suggestion, 
above, regarding the grain size of the coatings appears to be 
supported by observations made in the fractographs (see Section 8.2.4 
and Figure 5.11). ' Second, there is some evidence in the figure to 
suggest that the increase in microhardness of the coatings begins to 
level off as the mole ratio approaches 5. 
In previous work (see Section 4.4) it has been similarly found 
by Cho and Chun 
(64) 
and Lee and Richman 
(72) 
that the microhardness of 
TiC coatings chemically vapour deposited on cemented carbide substrates 
increases with increasing mole ratio, the former workers having found 
that this occurred as the thickness increased for mole ratios less than 
3. Lee and Richman suggested that two reasons could account for the 
increases in the coating microhardness they observed. The first was 
concerned with the effect of mole ratio on stoichiometry and the second, 
with its effect on grain size, they having found that the surface grain 
size of the coatings decreases with increasing mole ratio (see Section 
4.4). Although an increase in the stoichiometry of the bulk of the 
coatings with increasing mole ratio has been recorded in the present 
work (see Section 8.2.2), with reference to Figure 2.2, which shows the 
variation in microhardness with C/Ti atom ratio, it is clear that the 
increases in stoichiometry of the coatings could not fully account for 
the increase in microhardness observed (see Table 5.7). In addition, 
in contrast to the findings of Lee and Richman 
(72), 
an increase in the 
coating grain size was observed with increasing mole ratio (see Sections 
8.2.4 and 8.2.5). Nevertheless it is pertinent to mention that the 
increases are consistent with the previous suggestion that the increase 
in lattice parameter with mole ratio was due in part to an increase in 
the C/Ti atom ratio (see Section 8.2.3). From the aforegoing it seems 
likely that in addition to its effect on coating stoichiometry increasing 
the mole ratio also effects some other coating characteristic which 
contributes to the increased hardness. Although no experimental evidence 
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is available to support this it is tentatively suggested that the 
characteristic concerned may be associated with the presence of 
dislocations and other cyrstal imperfections it-being envisaged 
that changes in their concentrations may occur as a consequence of 
the effect of mole ratio on coating nucleation and growth processes. 
Clearly, further work is required before the sizeable increases in 
microhardness of the coatings with increasing mole ratio can be 
placed beyond doubt. 
With regard to the effect of deposition temperature it can be 
seen from Figure 5.20 that increasing the deposition temperature pro- 
duces a more dramatic increase in the coating microhardness than was 
previously observed in the mole ratio investigation. In addition, the 
evidence suggests that the microhardness may well continue to increase 
at higher temperatures. In contrast to the present work (see Section 
4.3) Lee et al 
(32) 
and Lee and Chun 
(33) 
found that the microhardness 
of TIC coatings decreased with increasing temperature and in contrast 
to the suggestion made by Lee and Richman 
(72), 
in their mole ratio 
study, Lee and Chun considered that this was a consequence of an increase 
in coating grain size with some influence also being exerted by changes 
in grain shape. Rather differently, whilst Baik et al 
(35) 
found an 
increase in the microhardness of TIC coatings deposited at increasing 
temperatures, in a temperature range from 1050°C to 1175°C, the work 
by Breval(34) apparently indicates that coatings deposited at 1050°C 
have a higher microhardness than those deposited at 1000°C or 1100°C. 
It is evident that the situation regarding the effect of temperature 
is not clear, however, it is likely that the wide variation in micro- 
hardness results obtained is a result of the different deposition con- 
ditions employed by different workers. This is also likely to account 
for the disparity existing between the microhardness values obtained in 
the mole ratio investigation of the present work and those reported for 
similar investigations in the literature. 
The increases in the microhardness here cannot be due to a decrease 
in the grain size of the coatings since the evidence suggests that a 
coarsening of the grains occurs with increasing temperature (see Sections 
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8.2.4 and 8.2.5). An alternative explanation may lie with the 
tentative suggestion forwarded earlier to explain the increase in 
microhardness with mole ratio, namely, this may be associated with 
an increase in crystal defect concentration. 
Whilst it is tempting to consider that the effect of mole ratio 
and deposition temperature on the coating lattice parameter and micro- 
hardness might be related, since both of these characteristics have 
been found to vary with C/Ti atom ratio (see Figures 2.1 and 2.2), 
the latter having been found to be significantly affected by mole ratio 
(see Section 8.2.2), this is not thought to be the case. There are two 
reasons for this. Firstly, a decrease observed in the lattice parameter 
for the TiC coating on two heat treated, coated (standard deposition 
conditions) inserts was not accompanied by a significant change in the 
microhardness of the coatings (see Tables 3.4 and 3.10 c. f. Tables 3.9 
and 3.15). Secondly, the mole ratio exerts a greater influence on 
coating lattice parameter than does temperature, however, the converse 
is true with respect to the influence of each of these deposition con- 
ditions on coating microhardness i. e. their trends are opposite (see 
Figures 5.5 and 5.19 c. f. Figures 5.6 and 5.20). 
It is apparent that increases in both the CHy/TiCl4 mole ratio 
and deposition temperature cause substantial increases in the micro- 
hardness of TiC coatings chemically vapour deposited on P. M. BT42 
grade H. S. S. inserts and further, from a comparison with the micro- 
hardness values determined for TiC coatings deposited under the standard 
deposition conditions employed by Edgar Allen Tools (see Section 8.1.6) 
it is obvious that by selecting appropriate deposition conditions, 
considerable improvements in coating microhardness can be obtained (see 
Tables 3.9 and 3.15 c. f. Tables 5.7 and 5.8). 
8.2.7 Effect of CHa/TiCly mole ratio and deposition temperature 
on TiC coating/substrate interface 
Consideration will first be given to the effect of CH4/TiC14 mole 
ratio. From the polished and etched optical cross-sections through the 
rake face of the inserts coated at the six different mole ratios shown 
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in Figure 5.9, it can be seen that with increasing mole ratio small 
isolated patches of pearlite (see Figure 5.9(a)) initially present in 
the P. M. H. S. S. substrate adjacent to the coating/substrate interface 
have grown in both size and number to eventually form a continuous 
band of pearlite; this band increasing in thickness up to a CHy/TiCl4 
mole ratio of 3. Concomitant with this, patches of pearlite present 
at the grain boundaries throughout the bulk substrate microstructure 
have also grown in size and frequency with increasing CHy/TiCly mole 
ratio. The first of these phenomena is seen as being consistent with 
the effect of CIiy/TiC1y mole ratio on the deposition reaction, suggested 
earlier in Sections 8.2.2,8.2.3 and 8.2.4; namely that at low CH4/TiCly 
mole ratio the substrate reaction (i. e. the diffusion of carbon from 
the P. M. H. S. S. substrate to the 'active' surface sites to form TiC) 
plays a significant part in the deposition reaction in concert with 
mass transport of the reaction gases, but that with increasing CH4/TiC14 
mole ratio mass transport of the reaction gases gradually becomes the 
controlling factor in the deposition reaction, with the substrate re- 
action being progressively inhibited but not completely eliminated; 
this inhibition causes a progressive build up of carbon in the austenitic 
H. S. S. substrate adjacent to the coating/substrate interface, leading 
to transformation to pearlite on cooling of the inserts from their 
deposition temperature. It should be noted here, that as mentioned pre- 
viously (see Section 8.1.3) the pearlitic interlayer is not detrimental 
but merely responsible for the finer grained layer which forms in the 
substrate adjacent to the coating/substrate interface of the heat treated, 
coated inserts. It should also be pointed out that from a re-examination 
of the polished and etched optical cross-section through the rake face 
of the insert coated at a mole ratio of 3 it was considered that Figure 
5.9(d) was not exactly typical, a typical section having a somewhat 
thinner band of pearlite adjacent to the coating/substrate interface, 
more in line with that of the insert coated at a mole ratio of 4 (see 
Figure 5.9(e)). Nevertheless, the above comments are still valid. 
There is some evidence to suggest that the band of pearlite de- 
creases slightly in thickness as the mole ratio is increased from 3 to 
5 and this would indicate that the relative role of the substrate re- 
action increases slightly at the higher mole ratios. However, although 
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this would appear to support the tentative suggestion made in Section 
8.2.2, it is in general in contradiction to much of the evidence in 
this work. Hence, it may be a more realistic view, that whilst the 
influence of the substrate reaction does become less with increasing 
mole ratios up to 3, at higher mole ratios its influence remains 
relatively constant. 
The present findings are corroborated to some extent by Cho and 
Chun 
(64) 
in their work on TiC coatings chemically vapour deposited on 
cemented carbide inserts (see Section 4.4). They established that a 
layer of eta-phase (carbon depleted layer) present in the substrate 
adjacent to the coating/substrate interface, which was initially 8-9pm 
thick at a CH4/TiClq mole ratio of 1, decreased in thickness as the 
mole ratio was increased and disappeared altogether at a mole ratio of 
3. This coincides with the mole ratio at which the thickest regions 
of pearlite layer were observed in the present work. They also ob- 
served the reappearance of the eta-phase at higher mole ratios, however, 
no explanation was forwarded to account for this. 
It is evident from Table 5.4 that the average coating thickness 
measurements determined from polished and etched optical cross-sections 
taken through two inserts coated with TiC at each of the 6 different 
mole ratios (runs 1 to 6), are not only consistent with the TiC coatings 
visible in the sections shown in Figure 5.9, but, also compare favour- 
ably with the coating thickness values obtained using the ball cratering 
technique (see Table 5.4 and Figure 5.1). 
From the polished and etched optical cross-sections through the 
rake face of inserts coated at the three different temperatures shown 
in Figure 5.10 it can be seen that, in general, similar microstructural 
features to those observed in the mole ratio study are present. However, 
in this case, bearing in mind that as previously mentioned, the cross- 
section shown in Figure 5.10(b) is not considered to be exactly typical, 
the typical thickness of the band of pearlite being more in line with 
that found for the insert coated with TiC at a mole ratio of 4 (see 
Figure 5.9(e)), it is apparent that the thickness of the band of pearlite 
t 
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present in the substrate adjacent to the coating/substrate inter- 
face decreases significantly with increasing temperature, until at 
1100°C only small isolated patches are present. As noted earlier, 
this is indicative of an increase in the role of the substrate reaction 
during deposition and is a direct consequence of the increased carbon 
diffusion rates expected at higher deposition temperatures. Similarly, 
increased diffusion rates are also responsible for promoting deposition 
by the overall reaction and, as a result of the enhancement of these 
two processes, a considerable increase in the thickness of the TiC 
coating occurs at higher deposition temperatures. In addition, the 
small patches of pearlite present at the grain boundaries in the bulk 
of the substrate decrease in size and number and are almost entirely 
absent from the substrate of the inserts coated at 1100°C. 
Before the effect of CH4/TiCl4 mole ratio and deposition tempera- 
ture on the adhesion characteristics of the chemically vapour deposited 
TiC coatings is discussed, it is pertinent to note that as shown in 
Table 5.4, the values of coating thickness determined by optical 
measurement on the polished and etched sections of two inserts coated 
at each of the three deposition temperatures (runs 7,4 and 8) compare 
very well indeed with those obtained by ball cratering (see Table 5.4 
and Figure 5.2). 
8.2.8 Effect of CH4/TiC14 mole ratio and deposition temperature 
on adhesion characteristics of TiC coatings 
Prior to describing the results obtained in the scratch adhesion 
tests it should be noted that whilst inserts coated with TiC at CHy/ 
TiC14 mole ratios of 2,3,4 and 5 were taken from the original 'as- 
coated' runs i. e. runs 3 to 6 (see Introduction to Chapter 5.0) those 
deposited at a mole ratio of 1 and a deposition temperature of 1100°C 
were not taken from the original runs, but rather were selected from 
runs which had been repeated i. e. runs 11 and 13, the deposition times 
of these repeated runs having been deliberately altered in order to 
deposit coatings 4.5 ± 0.5pm thick (see Section 5.8). As mentioned 
previously in Section 5.8 the critical load determined during scratch 
testing has been found to increase with coating thickness (see Section 
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4.2)and substrate hardness (see Section 2.7). Consequently, to 
ensure a meaningful comparison the coated inserts employed in the 
tests were used in their heat treated, coated condition with only 
inserts whose coating thickness and substrate hardness fell within 
the ranges 4.5 ± 0.5pm and 905 ± 20 HV30 being chosen for testing. 
The coating thickness and substrate hardness of the heat treated, 
coated inserts used to investigate the effect of mole ratio and dep- 
osition temperature on the adhesion of the coatings are shown in 
Tables 5.12 and 5.13 respectively. 
Turning now to the results obtained from the scratch tests, 
several points are evident from Tables 5.14 and 5.15 which summarise 
the scratch test results for the inserts coated with TiC at the 5 
different mole ratios and 2 deposition temperatures respectively. 
Firstly, it is clear that with regard to the loads at which 'complete' 
coating removal occurs, neither the mole ratio nor the deposition temp- 
erature appears to have any significant effect, the loads required to 
almost completely strip the TiC coatings from their H. S. S. substrates 
ranging from 6.0 to 7.5 kg. Visual corroboration of the determined 
loads are provided in the form of S. E. M. micrographs of scratch channels 
produced at loads one increment higher and lower than the determined 
loads, together with their associated Ti and Fe Ka X-ray maps, these 
being shown in Figures 5.21(1) to (v) and 5.22(1) to (ii) for the mole 
ratio and deposition temperature investigations respectively. In each 
case it can be seen from the X-ray maps, that for the scratch channels 
produced at the lower loads not only is the presence of Ti (i. e. TiC) 
continuous across the scanned region, even in the area of the scratch 
channel, but also, there is little or no evidence of Fe (indicative of 
the H. S. S. substrate) in the area of the scratch channel. These obser- 
vations are commensurate with at least some of the coating being intact 
within the region of the scratch channel. Conversely, for the scratch 
channels produced at the higher loads, it is evident from the X-ray 
maps that a relatively large Fe signal has been received from the area 
of the scratch channel whilst that for Ti is essentially absent. These 
observations were considered to be consistent` with the TiC coating 
being essentially removed from the scratch channel. The load corresponding 
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to that at which the coating was 'completely' removed was taken to 
be the load intermediate between the lower and higher loads. It is 
interesting to note that the loads obtained (those required to 'com- 
pletely' strip the coating from the substrate) are a little lower 
than those obtained in scratch tests carried out previously on inserts 
coated with TiC under the standard conditions employed by Edgar Allen 
Tools (see Section 8.1.7). This difference may be due to the fact 
that the scratch tests referred to in the present study were carried 
out a considerable time after those performed on the inserts coated 
with TiC under the standard conditions, the scratch tester having been 
used frequently during this time. Consequently it is possible that 
the difference is a reflection of a change in the condition of the 
Rockwell diamond stylus incorporated in the scratch tester. 
The load required to cleanly strip a TiC coating chemically 
vapour deposited on a cemented substrate has also been used by Breval(34) 
(see Section 2.7) and although for the reasons given there no direct 
comparison can be made with the results of the present work it is 
interesting to note that the value of the critical load he obtained 
was 3.5 kg. 
Turning now to the coating flaking observed at the edges of the 
scratch channels it can be seen from Table 5.14 and 5.15 that not only 
was flaking observed to some degree on each of the inserts coated at 
the 5 different mole ratios and 2 deposition temperatures, but also, 
the lowest load at which flaking was first observed is considerably 
lower than the loads which were determined to 'completely' remove the 
coating from the substrate. With regard to the effect of mole ratio 
on coating flaking it is evident from Table 5.14 that increasing the 
mole ratio from 1.0 to 2.0 has little effect on the load at which 
flaking was first observed. However, this load increases for the coat- 
ing deposited at a mole ratio of 3. Whether this is significant is 
difficult to say particularly since the lowest loads at which flaking 
was first observed for the coatings deposited at mole ratios of 4 and 
5 are in general slightly lower than those for the coatings deposited 
at mole ratios 1 and 2. The fact that there appears to be a change in 
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the type of flaking from essentially cohesive at lower mole ratios 
to mixed adhesive/cohesive at higher mole ratios, together with an 
increase in the extent of the flaking at higher mole ratios suggests 
that some change in the adhesive nature of the coatings has taken 
place, with a mole ratio of 3 representing some kind of transition 
point. The apparent change in adhesive behaviour could be related 
to the change in hardness of the coatings with increasing mole ratio, 
the most extensive flaking being observed on the coatings deposited 
at mole ratios of 4 and 5, these coatings having the highest hardness 
and consequently are likely to be the most brittle. 
It is convenient to mention here that several other workers 
have also observed flaking in TiC coatings chemically vapour deposited 
on steel substrates (see Section 2.7). Whilst Perry 
(102) 
observed 
that local coating failure characteristic of cohesive failure occurred 
at loads between 2.5 to 2.7 kg, both Hintermann and Laeng(100) and 
Laeng and Steinmann 
(101) 
found coating flaking to be typical of a 
mixed cohesive/adhesive failure mode, the former workers establishing 
that this occurred at a load of 1.6 kg. 
With regard to the effect of deposition temperature it is evident 
from Table 5.15 that the loads at which flaking was first observed are 
higher for the coating deposited at a temperature of 1100°C than those 
for the coating deposited at 1050°C. In addition, the extent of the 
flaking observed on the former coating was significantly less than 
that observed for the coatings deposited at the mole ratios of 4 and 
5. These observations are entirely consistent with an increase in 
the adhesive strength which would be expected to arise from the higher 
hardness of the coating deposited at 1100°C (see Table 5.8 c. f. Table 5.7) 
given the greater interdiffusion which would result from deposition at 
this higher temperature. 
It would appear from the foregoing, that the suggestion by Oroshnik 
CL, n _G OL0105) (see Section 2.7) that the load at which the first 
appearance of cracks in the coating and/or local coating detachments 
occur should be taken as the critical load. Certainly, from the present 
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results it is apparent that there'is more variation in the load 
corresponding to the onset of flaking in the coatings and these 
trends correlate to some extent with the coating characteristics, 
particularly with their hardness. Hence, the evidence suggests 
this is a better criterion for assessing the adhesional character 
of the coatings. 
It should also be noted that an extensive network of cracks 
can be seen in the scratch channels made on the coatings deposited 
at both a mole ratio of 1 (see Figure 5.21(1)) and a deposition 
temperature of 1100°C (see Figure 5.22(11)). Although the signifi- 
cance of such cracking is unclear, particularly since they have 
occurred in scratch channels made on inserts whose coatings exhibit 
extremes of hardness, it is interesting to note that using a similar 
stylus and scratch test conditions to those used in the present work 
Perry 
(102) 
also observed cracking in the scratch channels made on a 
TiC coating chemically vapour deposited on a steel substrate. In his 
work, however, the cracks occurred at much lower loads than those 
observed in the present work i. e. 1.6 to 3 kg (see Section 2.7). 
Whilst some underlying trends appear to be demonstrated from the 
results of the adhesion tests in the present work it is only fair to 
say that there are some inconsistencies. However, an investigation of 
the effect of the major deposition conditions on the adhesive character 
of TIC coatings chemically vapour deposited on P. M. H. S. S. substrates 
has been attempted and nowhere in the literature has this been done. 
Also, given the known difficulties regarding the comparison of scratch 
test data (see Section 2.7) and in particular, the suggestion by 
Butler et al 
(106) 
that the scratch test should only be used to compare 
results obtained for similar coatings deposited on identical substrates, 
the question is begged, what constitutes a similar coating? With 
regard to the present work, given the range of hardnesses exhibited by 
the coatings deposited at the different mole ratios and deposition 
temperatures (see Tables 5.7 and 5.8) it would seem unlikely that these 
coatings could be so described. 
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8.3 Cutting Tests with Uncoated and TiC Coated Inserts 
This section is concerned with a discussion of the cutting 
test results presented in Chapter 7.0, in order, principally to 
determine the effect of the TIC coated insert exhibiting the most 
favourable combination of coating characteristics and tool life 
(see Section 7.3.1.2) on the tool cutting properties, but also to 
determine the effect of the CH4/TiC14 mole ratio and deposition 
temperature on tool life (see Section 7.3.1.1). Consequently, the 
first part of the section deals with the cutting properties of the 
uncoated inserts (i. e. heat treated, uncoated inserts) and the 
inserts coated with TIC (i. e. heat treated, coated inserts) at a 
CH4/TiCly mole ratio of 3.79, described in Section 7.2.1, whilst the 
second part is concerned with the tool lives of the inserts coated 
with TiC (i. e. heat treated, coated inserts) at the different mole 
ratios and deposition temperatures, these also having been described 
in Section 7.2.1. With regard to the latter part, it is pertinent 
to mention that as in the preceding section, in order to simplify 
the identification of the different CHy/TiCl4 mole ratios referred to 
in this section, they will be referred to using their desired values 
of 1, ?, 3,4 and 5 rather than the values of 1.01,2.17,3.06,3.79 
and 5.12 actually achieved (see Table 5.3). 
8.3.1 Uncoated and TiC coated (CH4/TiCly mole ratio = 3.79) inserts 
The cutting tests and associated work carried out with the uncoated 
and TiC coated (CH4/TiCl4 mole ratio = 3.79) inserts are discussed in 
terms of flank wear, crater wear, tool forces and apparent coefficient 
of friction and tool life. 
8.3.1.1 flank wear 
The average flank wear land length curves for the uncoated and 
TiC coated (CH4/TiCl4 mole ratio = 3.79) inserts shown in Figures 7.13 
to 7.20 and Figures 7.15 to 7.22 respectively are essentially the same 
in form, consisting of a relatively short period of breaking-in wear 
characterised by an initially high wear rate followed by a much longer 
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period of steady-state wear which precedes catastrophic tool failure. 
It can also be seen that there is an absence of a tertiary flank 
wear stage and this suggests that flank wear is not responsible for 
tool failure in either the uncoated or TiC coated inserts. Whilst 
the wear curves for the uncoated and TiC coated inserts are similar 
in form it is apparent that the magnitude of the flank wear measured 
for the latter inserts is very much smaller than for the uncoated 
inserts. It is also evident that flank wear of the TiC coated inserts 
has begun immediately (the significance of this will become clear 
later). From simple geometric calculations together with a considera- 
tion of the average flank wear land length measurements and typical 
coating thickness, it was determined that the TiC coating on the flank 
face was worn through before the end of cutting (i. e. the point at 
which the last measurement was taken) in all the tests conducted with 
the coated inserts. This being the case it is interesting to note 
that no abrupt change in the steady-state flank wear rate is evident 
in any of the flank wear curves (see Figures 7.15 to 7.22) for the 
coated inserts. 
A number of workers have also investigated the effect of a 
chemically vapour deposited TiC coating on the flank wear of H. S. S. 
(see Section 6.2.1 and 6.2.2) and cemented carbide (see Section 6.3.2) 
inserts with the flank wear measurements obtained for both uncoated 
and TiC coated inserts having been plotted against cut distance. In 
all cases it was evident that the application of a TiC coating brought 
about a significant reduction in flank wear. Similar results have also 
been presented by Walker and Dickinson(9) and Whittle 
(14'15) 
(see 
Section 6.2.3) for TiN coated H. S. S. inserts, the latter investigation 
being of particular relevance to the present work since the same P. M. 
BT42 grade H. S. S. inserts were used together with nominally the same 
cutting conditions. 
With specific regard to the previous investigations carried out 
with coated II. S. S. inserts, it was found by Schintlmeister et al(77,174)ý 
that when uncoated and TiC coated wrought i:. S. S. inserts were used to 
turn Styria G4 (0.7%) workpiece at a cutting speed of 40 m min 1 with a 
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feed and depth of cut of 0.24 mm rev and 2 mm respectively, whilst 
the uncoated inserts exhibited a tool life of 2 minutes the TiC 
coated inserts only exhibited 0.07 mm of flank wear after cutting for 
3 minutes. Also, Akasawa(5) found that when uncoated and TiC/TiN 
coated H. S. S. threadchasers were used to cut low carbon steel work- 
piece material at a cutting speed of 95 m min 
-I and a feed and depth 
of cut of 0.15 mm rev 
1 and 1.0 mm respectively, the average flank 
wear land length on the uncoated tool was 2001im after 1.2 minutes of 
cutting. However, they observed the average flank wear for the 
coated tools was less, even after 16 minutes of cutting. Dramatic 
reductions in the flank wear of TiN coated inserts, relative to un- 
coated, have also been observed by Walker and Dickinson(9) and 
Whittle(14,15), Whilst the former workers observed the virtual elim- 
ination of flank wear on TiN coated inserts, in the latter work it 
was found that the steady-state flank wear rate for TiN coated inserts 
was from 15 to 60 times less than for the uncoated inserts. 
In the present work, as mentioned in Section 7.3.1.2 linear 
regression analysis was employed to calculate the steady-state wear 
rates and corresponding correlation coefficients for the average flank 
wear land length curves of both the uncoated and TiC coated inserts 
and these are summarised in Table 7.6. The fact that most of the 
correlation coefficients are greater than 0.99 for these curves indi- 
cates that the experimentally determined points lie on excellent straight 
lines. In addition, the similarity between the actual steady-state 
flank wear rates determined for each pair of tests carried out with 
both types of insert at each of the cutting speeds shows the good 
repeatability of the tests. Figure 7.23 shows the variation of these 
flank wear rates with cutting speed for both the uncoated and TiC coated 
inserts. It can be seen from the figure, that in the case of the un- 
coated inserts, increasing the cutting speed from 30 to -35 m min 
1 
causes a slight decrease in the flank wear rate, however, increasing 
the cutting speed further causes the flank wear rate to increase rapidly. 
With regard to the TIC coated inserts it is evident that whilst the 
flank wear rate versus cutting speed curve is similar in form to that 
for the uncoated inserts at cutting speeds above 37.5 m min-l, the 
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magnitude of the flank wear rates are significantly reduced. 
This reduction is most pronounced at lower cutting speed with the 
average flank wear rate for the TiC coated inserts being 33 times 
less than that for the uncoated inserts at a cutting speed of 37.5 m 
min-1 compared to 7 times less at a cutting speed of 52.5 m min-' 
(as determined from values summarised in Table 7.6). 
Similar results to those obtained for the uncoated inserts in 
the present work have been presented by Opitz and Konig(135) (see 
Section 6.1.3 and right hand side of Figure 6.8), the magnitude of 
the flank wear rates determined in their work being associated with 
b. u. e. size and the final rapid increase in flank wear of their tools 
was suggested to be due to thermal softening. In the present work, 
however, although b. u. e. 's were present over all the cutting speed 
range considered, it can be seen from Figure 7.25 that the maximum 
b. u. e. height on the uncoated inserts decreases with increasing cutting 
speed and this corresponds with an increase in the flank wear rate. 
For this reason it is felt that the explanation for the trends in the 
flank wear found for the uncoated inserts lies with a more detailed 
investigation by Childs and Smith 
(151) (see Section 6.1.3). In their 
work it was concluded that the variation in steady-state flank wear 
rate with cutting speed was due to the variation in the amount of 
sliding and real area of contact between the tool flank and b. u. e. 
fragments i. e. to variation in b. u. e. size and stability; flank wear 
being caused by b. u. e. fragments rubbing against the tool flank as they 
are carried away by the workpiece. Even more relevant to the present 
study, however, is the investigation by Whittle(14,15) (see Section 6.2.3) 
since as mentioned earlier he used nominally the same cutting conditions 
as those employed in the present investigation. The variation of 
steady-state flank wear rate in Whittle's work was attributed to the 
same factors suggested by Childs and Smith 
(151) 
and, in contrast to 
Opitz and Konig he suggested that the final rapid increase in the flank 
wear of P. M. BT42 grade H. S. S. tools was not due to thermal softening 
but rather resulted from a decrease in the stability of the b. u. e. 's. 
Since the flank wear rate versus cutting speed curve obtained in this 
study follows a similar trend to that found by Whittle, it is reasonable 
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to assume that this variation can be similarly related. In 
addition, the variation in flank wear rate with cutting speed for 
the TiC coated inserts in the present study basically follows the 
same trend found by Whittle 
(14915). 
Whittle established from his 
work on TiN coated H. S. S. inserts that the TiN coating reduced the 
stability of the b. u. e. and judging from the maximum b. u. e. heights 
on the TiC coated compared to the uncoated inserts (see Figure 7.25) 
the same is true for the TiC coating. The stability of the b. u. e. 
which forms on the TiC coated inserts is reduced relative to the 
uncoated inserts as a direct consequence of the lower coefficient 
of friction between the TiC coating and steel workpiece (c. f. H. S. S. 
(uncoated insert) and steel workpiece - see Section 8.3.1.3) and this 
promotes b. u. e. sliding and effectively prevents the formation of 
relatively large b. u. e. 's. Further supportive evidence for the re- 
duced coefficient of friction between the TiC coating and steel work- 
piece, relative to that between an uncoated insert and steel workpiece, 
comes from the fact that a white interlayer was observed between the 
b. u. e. and the rake face on the optical cross-sections of all the 
worn uncoated inserts as typified by that visible in Figure 7.37(a). 
However, no such interlayer was observed between the b. u. e. 's and the 
rake face on any of the optical cross-sections of the TiC coated 
inserts. Since it can be assumed that a requirement for the formation 
of such a layer is that the rake face of the insert is in intimate 
contact with the b. u. e., and that at least the layers of the b. u. e. 
adjacent to the insert remain in a stable state for a period long enough 
to allow the necessary diffusion processes to occur it is thought these 
observations substantiate to a certain extent the aforementioned re- 
duction in the coefficient of friction. This not only explains why 
the b. u. e. 's present on the TiC coated inserts are significantly snaller 
than those found on the uncoated inserts, but also, given the well known 
relationship between b. u. e. formation and workpiece surface finish 
(see Section 6.1.1), why the latter was superior when turning with the 
TiC coated inserts and generally decreased with increasing cutting 
speed. (see Figure 7.26). 
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Normally, a decrease in b. u. e. stability i. e. an increase in 
real area of contact and more b. u. e. sliding, would produce an 
increase in flank wear rate. However, it is clear from Figure 7.23 
that this is not the case for the TiC coated inserts. This phenom- 
enon can be explained by reference to another investigation by 
Childs and Smith 
(140) 
(see Section 6.1.3) in which the effect of 
flank atmosphere on both flank wear and b. u. e.. stability was studied. 
From this work it was concluded that large changes in the flank wear 
rate of H. S. S. tools can be produced not only by changes in the amount 
of sliding and real area of contact between the tool flank and b. u. e. 
fragments, i. e. by changes in b. u. e. stability, but also by changes 
in the severity of the interaction between the tool flank and b. u. e. 
fragments. Having said this, it is suggested that the large reductions 
in flank wear rates brought about by the presence of the TiC coating 
in the present work, despite the greater amount of b. u. e. sliding is 
due to the coating effecting a reduction in the severity of the inter- 
action between the b. u. e. fragments and the tool flank face. 
In order to elucidate the nature of this reduction the worn 
flank surfaces of the uncoated and TiC coated inserts shown in Figure 
7.36 will now be considered. It is evident from Figure 7.36(a) that 
the typical flank surface of the uncoated inserts are characterised 
by smooth carbides, the original carbides having become worn flat. 
Any contribution by abrasive wear can be ruled out since it is known 
that no constituents of the workpiece material are as hard as the H. S. S. 
insert. Such a flank surface is in fact considered typical of wear 
produced by an adhesive mechanism and many other workers have presented 
convincing evidence for the occurrence of wear by adhesion on the flank 
face of H. S. S. tools (see Section 6.1.4.2), however, in the majority of 
these cases, the adhesive wear was considerably more severe than in 
the present work. Given the overall smoothness of the flank surface 
of the uncoated insert shown in the figure, it is possible that the 
adhesive wear mechanism involves the removal of surface oxide films 
this being in contrast to the removal of fine metallic fragments, the 
mechanism by which adhesive flank wear on BM2 H. S. S. tools was suggested 
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to occur by Childs and Smith(151). The typical worn flank 
surface of the TiC coated insert shown in Figure 7.37(b) is also 
very smooth, the surface also being considered characteristic of 
wear by adhesion. The flank face in this case is even smoother 
than for the uncoated insert. This is not altogether surprising 
since the coatings higher hardness, oxidation resistance and chemical 
stability together with the lower coefficient of friction between TiC 
and steel would be expected to be significant in this respect. 
Similarly, the oxidation resistance of TiC has been suggested to be 
particularly important with regard to the flank wear of TiC coated 
cemented carbide inserts 
(66,179) (see Section 6.3.2). It is inter- 
esting to note that Whittle(15) suggested in his work that the wear 
mechanism on the flank face of TiN coated P. M. BT42 grade H. S. S. 
inserts involved a micro fatigue process, however, there is no evidence 
whatsoever to suggest such a process is important with regard to the 
flank wear of the TiC coated inserts, here. 
Whilst no investigation of tool temperatures was conducted in 
the present work, it is known that the temperature of the flank wear 
land increases with increasing flank wear (see Section 6.1.2), con- 
sequently, it is reasonable to assume that since the presence of the 
TiC coating reduces flank wear, it is likely that the temperatures 
on the flank face are similarly reduced. 
8.3.1.2 crater wear 
The maximum crater depth and average crater width wear curves 
for the uncoated and TiC coated (CH4/TiCly mole ratio = 3.79) inserts 
shown in Figures 7.13 to 7.20 and Figures 7.15 to 7.22 respectively, 
can be seen to be essentially the same in form and similar to the flank 
wear curves for these inserts. As described, for the latter, in 
Section 8.3.1, in all but one case (TiC coated insert tested at a 
cutting speed of 37.5 m min 1, Test 1. - Figure 7.15) the curves con- 
sist of a period of breaking-in wear followed by a steady-state wear 
region extending to catastrophic failure. In the maximum crater depth 
and average crater width curves for the TiC coated insert tested at a 
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cutting speed of 37.5 m min 
1, 
catastrophic failure can be seen to 
be preceded by a short period of =P, 
1P-fli. brrj wear. Although this 
trend appears inconsistent when considered with the other curves for 
the TiC coated inserts it is thought to be associated with an increase 
in tool temperature which results in a loss in hardness of the H. S. S. 
substrate. Comparing the maximum crater depth and average crater 
width curves obtained for the uncoated inserts to those obtained for 
the TiC coated inserts, a number of points are apparent. Firstly, it 
is immediately clear that the presence of the TiC coating significantly 
reduces crater wear. Secondly, it is evident that the presence of the 
TiC coating has significantly delayed the start of crater wear at 
cutting speeds of 37.5 and 45 m min 
1 (see Figures 7.15 to 7.18) but 
this was not found to be the case at 52.5 and 60 m min 
1. Finally, 
the maximum crater depth of the TiC coated inserts can be seen to have 
exceeded the thickness of the TiC coating very shortly after the start 
of crater wear for all the cutting speeds employed. 
Whilst similar curves for TiC coated H. S. S. tools have not been 
found in the literature, comparable results for such tools have been 
reported by Schintlmeister et al 
(77,174) 
(see Section 6.2.1). In his 
work, when uncoated and TiC coated M44 grade H. S. S. inserts were used 
under the conditions specified in the last section it was found that 
whilst the uncoated tools exhibited a tool life of 2 minutes, at which 
point severe cratering was observed, the TiC coated inserts showed no 
measurable crater wear after the same period of cutting. In contrast 
to the situation for TiC coated H. S. S. inserts, numerous crater wear 
versus cutting time curves have been presented in the literature for 
uncoated and T1C'coated cemented carbide inserts (see Section 6.3.3). 
In all the latter cases, as in the present work, the application of a 
TiC coating was found to bring about a significant reduction in the 
crater wear of the inserts. Of particular interest here is the work 
b Dearnley and Trent 
(19) 
who found that the approximate crater wear 
rates (crater depth divided by cutting time) for TiC coated cemented 
carbide inserts were between 78 to 111 times less than for the uncoated 
inserts. In addition, as in the case for flank wear (see Section 8.3.1.1), 
similar crater wear curves to those obtained in the present work have 
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been presented for TiN coated H. S, . inserts by Walker and Dickinson 
(q) 
and Whittle 
(14,15) 
(see Section 6.2.3) and these are also of relevance 
here. In the former investigation, it was found that when TiN coated 
P. M. BT6 grade H. S. S. inserts were used to turn En8D workpiece 
material at cutting speeds of 45 and 60 m min and a feed and depth 
of cut of 0.254 mm rev 
1 
and 2.5 mm respectively, a short delay pre- 
ceded the onset of crater wear. Once crater wear had commenced, how- 
ever, as found for the TiC coating in the present investigation, the 
TiN coating was quickly worn through. Nevertheless the TiN coating 
was still found to significantly reduce the magnitude of crater wear. 
In contrast, in the work by Whittle it was found that the TiN coating 
wore through on the rake face almost immediately after the start of 
cutting (nominally the same conditions as those employed for the present 
work), however, its presence still led to a reduction in the crater 
wear it having been determined that the steady-state crater wear rates 
for the TiN coated inserts were between 3 to 4 times less than those 
for the uncoated inserts. 
As previously described in the last section, linear regression 
analysis was employed in the present work to determine the steady-state 
wear rate and corresponding correlation coefficient for each of the 48 
curves shown in Figures 7.13 to 7.22 and the values obtained are 
summarised in Table 7.6. With reference to this table it can be seen 
that 21 out of the 32 crater wear curves (i. e. maximum crater depth 
and average crater width) for the uncoated and TiC coated inserts have 
correlation coefficients greater than 0.99 for their steady-state wear 
rates, the minimum correlation coefficient being 0.963. These results 
indicate that there is no significant deviation from the linear crater 
wear rates in the figures, despite the maximum crater depth measurements 
after the breaking-in period being hampered by the presence of b. u. e. 
fragments in the crater as described in Section 7.3.1.2. The variation 
of the maximum crater depth and average crater width wear rates with 
cutting speed are shown in Figures 7.23 and 7.24 respectively, the points 
on these curves representing the average of the two values obtained (see 
Table 7.6). It can be seen that the pairs of data obtained under a 
188 
particular set of cutting conditions are similar and this indicates 
the good repeatability of the cutting tests. 
With regard to the maximum crater depth and average crater 
width wear rates for the uncoated inserts shown in Figures 7.23 and 
7.24 respectively it is evident that there is a progressive increase 
in wear rate, particularly at cutting speeds greater'than 45 m min 
A somewhat similar trend to that found in the present work has been 
observed by Opitz and Konig(135) (see Section 6.1.3), with a rapid 
rise in crater wear in their work being attributed, as with the flank 
wear rate, to the generation of high temperatures causing softening 
and subsequent loss of strength of the H. S. S. matrix (see Figure 6.8). 
Their observation of plastic deformation of the H. S. S. matrix at 
higher cutting speeds lends support to their suggestion. 
The application of the TiC coating in the present work can be 
seen from Figure 7.23 and 7.24 to significantly reduce the maximum 
crater depth and average crater width wear rates by between 1.5 to 3 
times (refer to actual values in Table 7.6) those obtained for the un- 
coated inserts. Whilst the reduction in crater wear resulting from 
the presence of the TiC coating is less dramatic than the reduction 
observed in the flank wear rate (see last section) it is more con- 
sistent. The reduction is particularly significant in the light of 
the fact that, as mentioned earlier, the TiC coating is worn through 
very soon after the commencement of crater wear. Prior to attempting 
to elucidate the effect of the TiC coating on the crater wear rate'it 
is first necessary to consider the mechanism(s) by which crater wear 
occurs on the uncoated inserts. 
With regard to the typical worn rake face section of the un- 
coated insert tested at 37.5 m min 
1 Shown in Figure 7.37(a) it can 
be seen that the front of the crater has a particularly smooth profile 
and the carbides present there have been worn flat. As in the case 
for flank wear (see Section 8.3.1.1) these characteristics are con- 
sistent with wear of the crater in this region occurring by an adhesive 
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mechanism. Similar features were also found at the front of the 
craters of uncoated inserts which had been tested at cutting speeds 
of 30,45 and 52.5 m min-1. With regard to the typical worn rake 
face section of the uncoated insert tested at 45 m min-1 shown in 
Figure 7.37(b), it is evident that the region within the crater 
appears to have become thermally softened, this being evinced by 
the large overtempered region in the substrate. Whilst the region 
is slightly rougher than the typical region observed at the front of 
the crater of the uncoated inserts, it is still relatively smooth 
and as such is thought to indicate that wear in this region of the 
uncoated insert also proceeds by an adhesive mechanism, albeit of a 
slightly more severe form than that at the front of the crater. It 
is tentatively suggested, given the slightly rougher appearance of 
the crater, that the substrate may be in part being undermined by the 
removal of small pieces of matrix material resulting in the loosening 
of any carbides in the vicinity, such carbides eventually being carried 
away by the b. u. e. or chip. This region is fairly typical of the 
regions found within and toward the rear of the craters of the uncoated 
Both Childs and Smith(151) inserts tested at 30,37.5 and 45 m min 
1. 
and Ramaswami(136) have presented evidence of adhesive wear in the 
crater region of BM2 and 5% Co H. S. S. tools respectively, the latter 
workers revealing that the worn crater surface was characterised by. a 
particularly rough appearance. 
Also apparent in the region within the crater of the uncoated 
insert tested at a cutting speed of 45 m min-' is the presence of a 
small amount of 'quasi-stationary' b. u. e. material seemingly adhered 
to the crater (see Figure 7.37(b)) andit should be noted that on other 
uncoated inserts rather larger pieces were found to be adhered to the 
crater. This is particularly noticeable with regard to the uncoated 
insert tested at 52.5 m min-' (see Figure 7.40(a)). The significance 
of these 'quasi-stationary' b. u. e. 's will become clear when considering 
the TiC coated inserts. 
Considering the rake face section of the uncoated insert tested at 
52.5 m min 1 shown in Figure 7.40(a), it is apparent that the b. u. e. 
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material within the crater is intimately bonded to the H. S. S. sub- 
strate and, in addition, there appear to be stringers of substrate 
material within the b. u. e. Whilst the H. S. S. grain boundaries are 
not distinct in this region there is a suggestion that they have 
been distorted in the direction of chip flow. Certainly, distortion 
of the H. S. S. grain boundaries was clearly observed towards the rear 
of the crater on this section. It is felt that these observations 
provide irrefutable evidence that wear of the middle/rear of the 
crater of the uncoated inserts tested at a cutting speed of 52.5 m 
min 1 occurs primarily by superficial plastic deformation. The higher 
temperatures generated at this higher cutting speed is thought to be 
primarily responsible for crater wear by this process. A number of 
workers 
(135,144,145,152) have also presented experimental evidence for 
the occurrence of wear by superficial plastic deformation on the rake 
face of H. S. S. tools (see Section 6.1.4.4). Of these, the work by 
lnlr-iot. ; 
(145 ) 
and Trent is perhaps the most comprehensive, these 
workers having concluded that such a wear process occurs when a con- 
dition of seizure prevails at the chip/tool interface. This would 
certainly appear to characterise the b. u. e. /tool interface of the un- 
coated insert in Figure 7.40(a) in the present work. Wr'Igilý ,: and 
Treat further proposed that as a consequence of the intense shear 
which occurs at the interface, the layers of the H. S. S. substrate are 
thermally weakened and deformed at a low strain rate, in the direction 
of chip flow, resulting in the removal of tool material by superficial 
plastic deformation. 
Turning now to the effect of the TiC coating, it is convenient 
to begin with the delay in crater wear found to occur for the TiC 
coated inserts tested at 37.5 and 45 m min-'. It can be seen from 
the rake face section near to the cutting edge of the TiC coated insert 
tested at 45 m min for a cut distance of 450 m (10 minutes), in 
Figure 7.39(a), that only an extremely small amount of wear has taken 
place. However, there is a considerable amount of cracking, with many 
of the cracks extending through the coating to the coating/substrate 
interface. It should be noted that whilst it cannot be ruled out that 
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some of these cracks were caused by the heat treatment procedure 
used to harden the H. S. S. substrate (see Section 8.1.3), it is the 
opinion here, that most of the cracks have been caused by the 
cutting process itself. The main reasons for this view, are that 
the cracks observed in the coating of the heat treated, coated in- 
serts were only observed close to the cutting edge whereas the cracks 
observed on the worn insert, not only are more numerous but also 
occur in a region further away from the cutting edge. No coherent 
explanations have been forwarded in the literature regarding crater 
wear resistance of TiC coated H. S. S. tools prior to coating break- 
through. However, Schintlmeister 
(77,174) 
(see Section 6.2.1) has 
attributed this to the ability of the TiC coating to reduce wear by 
adhesion, abrasion, diffusion and corrosion. The delay in the onset 
of crater wear in the TiC coated inserts tested at the cutting speeds 
of 37.5 and 45 m min-' in the present work, is thought to be primarily 
due to the high chemical stability of TiC, particularly at elevated 
temperatures, together with its high hardness rendering the coating 
particularly resistant to adhesive wear processes. The reduced co- 
efficient of friction between TiC and steel workpiece (see Section 
8.3.1.3) is also thought to be of significance in this respect. Now 
considering Figure 7.39(b) it can be seen that after cutting with the 
TiC coated insert at a cutting speed of 45 m min 
1, for a further 118 m 
(2.6 minutes), an abrupt change has taken place. Rather than the 
coating having become worn through it appears that fracture of the 
coating has occurred resulting in large 'chunks' of the coating being 
removed thereby exposing the underlying H. S. S. substrate. Such a 
mechanism is supported by the fact that the crater width has increased 
significantly quicker than the crater depth (see Figure 7.15 to 7.18) 
for the TiC coated inserts tested at cutting speeds of 37.5 and 45 m 
min 
1 i. e. indicative of the coating not being worn through but 
instead having been broken straight off. Certainly this mechanism is 
corroborated to a certain extent by what appears to be a large piece 
of coating seemingly detached from the substrate at the front of the 
developing crater, in Figure 7.39(b). The aforementioned mechanism 
for coating failure bears some similarities with that proposed for 
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TiC coatings on cemented carbide inserts by Chubb and Billingham(189) 
(see Section 6.3.3). In their work it was suggested that removal 
of the TiC coating from the rake face occurs as a consequence of small 
pidces of steel workpiece material first becoming adhered to the 
coating and then subsequently being welded back to the chip. As the 
chip traverses the rake face the small pieces of workpiece material 
are removed, pulling out with them small fragments of attached coating. 
After the onset of this process, wear of, the TiC coating was con- 
sidered to be enhanced by thermal cracking caused by temperature 
gradients in the region. Once the coating had been removed the steel 
workpiece was found to adhere to the substrate and from this point on 
wear by diffusion was suggested to play an. important part. 
Returning to the present work it is tentatively suggested that 
the shorter delay in the onset of crater wear for the TiC coated 
insert tested at 45 m min-' compared to that for the coated insert 
tested at 37.5 m min 
1 may be associated with the higher temperatures 
generated at the higher cutting speed together with tool forces being 
more detrimental with regard to thermal cracking. In contrast, the 
absence of any delay in crater wear for the TiC coated inserts tested 
at 52.5 and 60'm min-' may also be a consequence of the higher tempera- 
tures generated. However, in this case it is thought that the higher 
temperatures may result in a significant decrease in the hardness of 
the TiC coating (see Figure 2.3) resulting in the coating becoming 
quickly worn through. 
It is pertinent to mention at this point that considerably bigger 
b. u. e. fragments (as compared to those observed within the crater of 
the uncoated inserts) were found to be present within the crater of 
the TIC coated inserts as typified by that visible in the crater on the 
rake face cross-section of the coated insert tested at a cutting speed 
of 45 m min-' shown in Figure 7.38(a). Their role during cutting will 
now be considered prior to that of the TiC coating. It can be seen 
from the figure that the region of the substrate immediately adjacent 
to the b. u. e. /H. S. S. substrate interface is overtempered and this is 
indicative of the high temperatures being generated. Such conditions 
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will favour some diffusion and it is perhaps not surprising that 
adhesion between the b. u. e. and H. S. S. substrate appears to have 
occurred. This is evinced by a seemingly intimate metallurgical 
bond between the b. u. e. and H. S. S. substrate. Having said this 
it is important to emphasise that these b. u. e. 's are not con- 
sidered to remain in the crater for long periods i. e. they are 
thought to be quasi-static. The evidence to support this suggestion 
is twofold. Firstly, there is no interfacial layer between the 
b. u. e. and H. S. S. substrate and neither was such a layer seen on 
similar rake face sections through the TiC coated inserts tested at 
37.5,52.5 and 60 m min-'. Secondly, the crater depths of the rake 
face sections through all the coated inserts agree very well with 
those predicted from the maximum crater depth curves for the TiC 
coated inserts tested to compile the data for Figures 7.15 to 7.22. 
As a result it is considered that at some point the b. u. e. 's are swept 
away by the chip. When this occurs it is thought that wear of the 
H. S. S. substrate takes place by an adhesive mechanism similar to that 
described for the uncoated inserts in the middle and towards the rear 
of the crater. That is small pieces of thermally weakened substrate 
material are pulled out by the adhering b. u. e. and carried away. The 
relatively rough nature of the b. u. e. /substrate interface would appear 
to support this suggestion. In addition what appears to be small 
pieces of substrate, lying in positions within the b. u. e., close to 
the substrate add further weight to the argument. As mentioned earlier, 
such a mechanism would be expected to undermine any small carbides in 
the substrate at the b. u. e. /substrate interface and a small carbide 
can in fact be seen within the b. u. e. material. The typical worn section 
through the rake face of the TiC coated insert tested at a cutting speed 
of 37.5 m min 1, shown in Figure 3.38(b) reveals that the rear of the 
crater has characteristics which indicate that wear of the substrate 
in this region also takes place by the aforementioned mechanism. The 
features described were found to be typical of the regions in the middle 
and at the rear of craters of the TiC coated inserts tested at 37.5, 
45 and 52.5 m min 1. 
Now returning to the role of the TiC coating during cutting, 
as mentioned earlier the crater wear rate continues to be significantly 
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reduced even after the coating has been penetrated. Considering 
first the coating present at the front of the crater, it appears 
that the coating plays little part in crater wear with the coating 
at the front of the coated inserts tested at all the cutting speeds 
showing signs of heavy fracture similar to that shown in Figure 7.39(b). 
In contrast, at the rear end of the crater, following the start of 
crater wear proper, an almost vertical fractured edge of coating was 
found to be present for the coated inserts tested at 37.5,45 and 52.5 
m min 
1, 
with that for the former visible in Figure 7.38(b). This 
hard 'straight' edge is thought to hinder the flow of the b. u. e. 's 
over the crater resulting in a build up of b. u. e. fragments at the 
middle and rear of the crater (see Figure 7.38(a) and (b)). It is 
suggested that for a short while the chip flows over the stagnant 
b. u. e. in the crater and is supported by the coating present at the 
rear end of the crater. Two reasons give support to this. Firstly, 
it can be seen from Figure 7.38(b) that the coating at this end of the 
crater tapers slighly in a direction towards the centre of the crater. 
Secondly, there is some evidence to suggest that at some time during 
cutting there has been an interface near the top of the b. u. e. and 
this has been seen more plainly in the sections of the other TiC coated 
inserts. It is envisaged that during this stage, as a consequence of 
the stresses imposed on the coating at the rear of the crater (i. e. 
through b. u. e. being buffeted against the hard edge of the coating) 
cracking of the coating occurs leading to the eventual detachment of a 
piece of the coating at the rear of the crater. A crack which can be 
clearly seen to have propagated from the coating/substrate interface, 
into the coating, adds weight to this argument and it should be noted 
that similar cracks were found in the coating at precisely the same 
region in the TiC coated inserts tested at cutting speeds of 45 and 
52.5 m min 
1. 
Once detachment of the coating occurs the adhered b. u. e. 
fragments within the crater are thought to be swept away by the chip 
and crater wear then proceeds by the same mechanism as that for the 
uncoated inserts until the worn crater reaches a 'new' TiC coating 
edge at the rear of the crater. At this point the whole cycle is 
repeated. 
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The process outlined above is similar to that proposed by 
Graham and Hale 
(187) 
(see Section 6.3.3) for TiC coated cemented 
carbide inserts. In their work it was proposed that once the TiC 
coating was broken through, crater wear of the coated inserts con- 
tinues to be retarded as a consequence of the chip being supported 
by the coating at the periphery of the crater. The observations 
made in the present work, however, are in contrast to the work by 
Whittle(14115) on TO coated H. S. S. inserts (see Section 6.2.3). 
In his work it was found that the coating at the rear of the crater 
tapered in a direction towards the centre of the crater, but unlike 
that in the present work the taper was much more prominent, the 
taper itself following the contour of the crater. This led Whittle 
to conclude that once the TO coating was penetrated the chip not only 
continues to be supported by the coating at the rear end of the crater, 
but also, the hard coating edge present there effectively acts as a 
chip breaker, these two mechanisms combining to reduce crater wear 
in the case of the TO coated inserts. These differences are attrib- 
uted to TiC not being as effective as TO coatings in reducing the 
average crater width and maximum crater depth wear rates following 
coating breakthrough. The main reason for this is that, as mentioned 
earlier not only is the TiC coating prone to quite heavy cracking, 
but also, loss of the coating occurs in relatively large pieces as a 
result of cracking and adhesive failure at the coating/substrate 
interface. 
With regard to the typical rake face section showing a region 
within the crater of the TiC coated insert tested at 45 m min-' shown 
in Figure 7.38(a), it is interesting to note that whilst no attempt 
was made in the present work to determine the tool temperatures during 
cutting, the overtempered region of the substrate in the figure does 
not appear to extend as far into the substrate as that which can be 
observed for the uncoated insert also tested at a cutting speed of 45 
m min 
1 (see Figure 7.37(b)). Although this is not conclusive evidence 
it is thought that it suggests that the temperatures on the rake face of 
the TiC coated inserts may be less than those on the uncoated inserts. 
This is also consistent with observations made on the rake face sections 
196 
of the uncoated and TiC coated inserts tested at cutting speeds 
of 52.5 and 60 m min-' respectively. In the latter case (see Figure 
7.40(b)), whilst the role of the TiC coating is thought to be 
similar to that of the coating on the inserts tested at 37.5,45 and 
52.5 m min-' (see earlier) the stresses and temperatures are such 
that superficial plastic deformation supercedes the described wear 
process for the TiC coated inserts, as the major wear mechanism. 
Since evidence for superficial plastic deformation was observed in 
the crater region of the uncoated inserts tested at the lower cutting 
speed of 52.5 m minl(see Figure 7.40(a)) some credence is given to 
the suggestion that the rake face temperatures may be lower on the 
TiC coated inserts compared to the uncoated inserts. However, it 
must be emphasised that the stresses acting on the tool are also an 
important factor with regard to the occurrence of superficial plastic 
deformation and since the presence of a TiC coating is known to 
reduce tool forces (see Section 8.3.1.3), the suggestion remains a 
tentative one. Nevertheless, Milovic et a1(150) (see Section 6.2.3) 
reported that the presence of a TiN coating on H. S. S. inserts not 
only reduced the size of the H. A. Z. to about halt that of the uncoated 
inserts but also significantly reduced the maximum rake face tempera- 
ture. and they attributed these effects to the smaller chip/tool con- 
tact length on the TiN coated inserts compared to the uncoated inserts. 
Also, many workers (see Section 6.3.5) have found that the application 
of a TiC coating to cemented carbide inserts causes a decrease in the 
tool temperatures generated during cutting, this being attributed to 
the reduced coefficient of friction between TiC and steel workpiece 
material (relative to uncoated insert and steel). In contrast, how- 
ever, using their previously developed metallurgical changes technique 
(see Section 6.1.2), Dearnley and Trent(19) found that when cutting 
En8 with uncoated and TiC coated iron-bonded cemented carbide inserts, 
using the conditions specified in Section 6.3.5, the maximum rake face 
temperature on the coated inserts was not significantly different from 
that on the rake face of the uncoated inserts and, in addition, the 
temperature distribution was found to be similar for both types of 
insert. 
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8.3.1.3 tool forces 
It is evident from Figures 7.27 to 7.33 and Figures 7.28 to 
7.34 which shows the variation of vertical, axial and radial tool 
forces, and the apparent coefficient of friction with cut distance 
for the uncoated and TiC coated (CH4/TiCly mole ratio = 3.79) inserts 
respectively, that the application of the TiC coating not only 
reduces the vertical and axial and to a lesser extent the radial tool 
forces, and hence the apparent coefficient of friction (since the 
apparent coefficient of friction, Pa, is calculated from the vertical 
and axial tool forces - see Appendix 6.0), but also, has brought 
about a change in the progression of tool forces with cut distance. 
From the variation in tool forces with cut distance for the un- 
coated inserts tested at cutting speeds of 30,37.5,45 and 52.5 m 
min-' (see Figures 7.27 to 7.33) it is evident that whilst the radial 
tool force shows relatively little change with cut distance, the same 
is not true for the vertical and axial tool forces. In contrast, 
these forces initially decrease and after some time reach a minimum 
value. After this point a much longer period begins over which both 
the vertical and axial forces increase in magnitude and eventually 
they exceed their initial values with their value just prior to tool 
failure being considerably greater than at the beginning of cutting. 
These trends are particularly apparent for the uncoated inserts at 
the lower cutting speeds. Moreover, the corresponding variations for 
the calculated values of apparent coefficients of friction with cut 
distance can be seen in the same figures. The initial decrease in 
the vertical and axial tool forces is thought to be due to the rapidly. 
developing crater bringing about an increase in the effective rake 
angle. However, as the crater continues to increase in size, the chip/ 
tool contact length (which to a first approximation can be taken as 
the average crater width measurements - see Figures 7.13 to 7.22) also 
increases and it is thought that such an increase causes the vertical 
and axial tool forces to increase. Consequently, whilst the increasing 
chip/tool contact length is not as significant during the initial 
decrease of both forces, at a point corresponding to the minimum in the 
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forces, the chip/tool contact length begins to exert a greater 
influence, its effect from that point on dominating thereby causing 
the vertical and axial forces to increase with subsequent increases 
in cut distance. 
In contrast, it is evident from Figures 7.28 to 7.34 that the 
variation of tool forces and apparent coefficient of friction for 
the TiC coated inserts tested at 37.5,45,52.5 and 60 m min-' are 
quite different to those of the uncoated inserts. Whilst the radial 
tool force is relatively constant with cut distance, comparing to 
a certain extent with the results obtained for the uncoated inserts, 
the vertical and axial tool forces are significantly lower in 
magnitude. In view of the size of the b. u. e. found to be present on 
the uncoated and TiC coated inserts at each of the cutting speeds 
investigated (see Figure 7.25), it is unlikely that effective contact 
would have occurred between either the nose of the inserts and the 
machinedworkpiece surface or their flank face and the transient work- 
piece surface during machining. This would explain why the presence 
of the TiC coating was found to have little effect on radial tool 
forces, and it also means that the vertical and axial tool forces 
shown in Figures 7.28 to 7.34 will not reflect the much lower flank 
wear of the TiC coated inserts. With regard to the vertical and 
axial forces of the latter inserts, these also increase with cut dis- 
tance showing little sign of a minimum with the increases being con- 
siderably less marked than those observed for the uncoated inserts. 
With specific regard to the vertical tool force determined for the 
TiC coated inserts tested at 37.5 and 45 m min-' (see Figures 7.28 to 
7.31) there is a slight suggestion that once the coating has been 
penetrated (see maximum crater depth versus cut distance, Figures 7.15 
to 7.18) and a steady-state crater wear rate established, the vertical 
tool force begins to increase at a slightly higher rate as cutting 
continues. 
The actual magnitude of the reductions in the vertical and axial 
tool forces brought about by the application of the TiC coating to 
the P. M. BT42 grade H. S. S. inserts in the present work is most easily 
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seen by reference to Figure 7.35 which shows the variation of the 
average vertical, axial and radial tool forces, and the apparent 
coefficient of friction with cutting speed. It can be seen from 
the figure that the average vertical and axial forces acting on 
the TiC coated inserts are between -7 to -16% and -13% to -34% lower 
respectively, than those acting on the uncoated inserts. Further- 
more, the apparent coefficient of friction between the TiC coated 
inserts and steel workpiece material (En24) is between 7 and 20% 
less than that for the uncoated inserts and the steel workpiece. 
Comparable trends in the tool forces and apparent coefficient of 
friction with cut distance have been presented by Whittle 
(14,15) 
(see Section 6.2.3) for uncoated and TO coated H. S. S. inserts, it 
being found that as in the present work, the application of a TiN 
coating produced a marked decrease in the vertical and axial tool 
forces and the apparent coefficient of friction. These reductions 
were attributed by Whittle to the smaller length of chip/tool con- 
tact on the TiN coated inserts resulting from their increased resist- 
ance to crater wear. Similar results have also been presented by 
Snell 
(81) 
and Colding(177) for uncoated and TiC coated cemented 
carbide inserts, In the former work whilst the presence of a TiC 
coating was found to significantly reduce the vertical, axial and 
radial tool forces, with the specific cutting force (i. e. vertical 
force divided by the chip cross-section) being reduced by some 10 to 
15%, it was also found that for a TiC coated insert, the vertical force 
first reached a maximum after 1.5 minutes of cutting, then decreased to 
a minimum value before finally increasing again. These changes in 
vertical tool force were suggested by Snell 
(81) 
to be due to the 
changing frictional conditions associated with coating penetration and 
subsequent crater development. In the latter work, Colding(177) found 
that the vertical and axial tool forces were between 10 and 20% lower 
when turning with TiC coated inserts compared with uncoated inserts. 
He also suggested that initial decreases in the two forces observed 
when turning with the TiC coated inserts were due to crater development 
effecting an increase in the rake angle. 
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It is thought that the reductions in the vertical and axial 
tool forces on the TiC coated inserts in the present work is 
primarily due to the reduced contact on both the rake and flank 
faces of these inserts compared to the uncoated inserts. It is 
also pertinent to note that the biggest reductions in the tool 
forces has occurred for the TiC coated inserts tested at the lowest 
cutting speeds i. e. 37.5 and 45 m min-1 (see Figure 7.35), the 
inserts which exhibited a delay in the onset of crater wear, and this 
possibly indicates that the chip/tool contact length on the rake face 
is of the most significance with regard to the reduction in tool 
forces. Of further interest is the fact that if the average tool 
forces are extrapolated to higher cutting speeds for both the un- 
coated and TiC coated inserts (see Figure 7.35), the curves would 
eventually meet and the same is true for a similar extrapolation of 
the crater wear rates for both types of insert (see Figures 7.23 and 
7.24). However, this is not true for the steady-state flank wear 
rates of the uncoated and TiC coated inserts. These trends are seen 
as adding weight to the earlier suggestion that the chip/tool contact 
length on the rake face is more important with regard to the reduction 
in tool forces brought about by the application of the TiC coating. 
8.3.1.4 tool life 
It is evident from Figure 7.9(d), which shows the tool life 
versus cutting speed curve for both the uncoated and TiC coated (CHk/ 
TiCl4 mole ratio = 3.79) inserts that whilst the tool life decreases 
dramatically with increasing cutting speed for both types of insert, 
the tool lives for the TiC coated inserts are significantly greater. 
The values plotted represent the average of two tests and it is apparent 
from the actual tool life values obtained for the uncoated and TiC 
coated (CH4/TiCl4 mole ratio = 3.79) inserts summarised in Table 7.5. 
that the tests show good repeatability. It can also be seen from the 
table that the increase in tool life afforded by the application of 
the TiC coating deposited at a CH4/TiC14 mole ratio of 3.79 ranges 
from 3.8 to 6.5 times that for the uncoated inserts at cutting speeds 
of 37.5 and 52.5 m min 1 respectively. 
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In the work by Whittle 
(14,15) 
(see Section 6.2.3) it was 
established that the application of a TiN coating to P. M. BT42 
grade H. S. S. inserts brought about a marked increase in tool life 
which varied only slightly from a median level of 2.5 times. 
Furthermore, as mentioned earlier in Section 'e3"1.3 he attributed 
the reduction in vertical and axial tool forces and apparent 
coefficient of friction on the rake face, to the smaller length of 
chip/tool contact on the TiN coated inserts. This was also con- 
sidered to be the reason for the lower vertical and axial tool forces 
and apparent coefficient of friction for the TiC coated inserts 
(relative to the uncoated inserts) in the present work (see Section 
8.3.1.3). Although no study was made of the effect of the TiC 
coating on the temperatures generated on the flank and rake faces of 
the P. M. H. S. S. inserts used in the present work, as mentioned at the 
end of Sections 8.3.1.1 and 8.3.1.2 the temperatures on both the flank 
and rake faces of the TiC coated inserts are expected to be less than 
those for the uncoated inserts. In consequence, it is suggested that 
the increase in tool life brought about by the application of the 
TiC coating in the present work originates from the reduced flank and 
crater wear of the coated inserts, through its effect on chip/tool 
contact length and hence tool forces and temperatures, the reduction 
in crater wear having the greatest influence in this respect. The 
latter is given credence by the fact that the increases observed in 
the tool life of the coated inserts are closer to the reductions found 
in the crater wear of the coated inserts. In addition, since the 
coating is worn through on the rake face almost immediately following 
the start of crater wear, in contrast to the case for flank wear 
(coating breakthrough on the flank face occurring a considerable time 
after the start of steady-state flank wear - see Section 8.3.1.1) it 
follows that the most significant reduction in chip/tool contact 
length which has occurred during the tool life is that on the rake 
face, thus retardation of crater wear is thought to be of most signi- 
ficance with regard to the increase in the tool life of the TIC 
coated inserts. 
202 
8.3.2 Effect of CH4/TiCl4 mole ratio and deposition temperature 
on tool life 
8.3.2.1 CH4/TiCl4 mole ratio 
A complete set of tool life curves i. e. tool life versus cutting 
speed, obtained for the inserts coated with TiC at the five different 
mole ratios are shown in Figures 7.9(a) to (e) and in each case they 
are compared to the similar curve for the uncoated inserts. The same 
general trends can be seen in all of these curves, namely, the tool 
life of the uncoated and coated inserts decrease dramatically with 
increasing cutting speed and, in addition, the tool lives of the 
inserts coated at all the different mole ratios are significantly larger 
than those of the uncoated inserts. This latter point is also clearly 
apparent from the individual tool lives obtained for the uncoated and 
TiC coated inserts in Table 7.5. The effect of mole ratio on tool 
life, however, is best seen from the compilation curve shown in Figure 
7.11 which illustrates the variation in tool life with mole ratio for 
the coated inserts tested at the cutting speeds of 37.5,45,52.5 and 
60 m min-'. From the figure it can be seen that whilst the inserts 
coated at a mole ratio of 4 exhibit the longest median tool life at 
the lowest cutting speed, the value of which is only slightly larger 
than that exhibited by the inserts coated at a mole ratio of 3, the 
latter inserts have the longest median tool lives at the higher cutting 
speeds. The inserts coated at mole ratios above or below the mole 
ratios of 3 and 4, show significantly lower tool lives. 
The peaks in the tool lives at mole ratios of 3 and 4 are thought 
to arise as a consequence of variations in two opposing coating proper- 
ties. Firstly, the increase in the hardness of the TiC coatings with 
increasing mole ratio (see Section 8.2.6) is thought to have favour- 
able effects with regard to tool life through its effect on tool wear 
(see Section 8.3.1.1 and 8.3.1.2). Unfortunately, accompanying the 
increase in coating hardness is an increase in the brittle behaviour 
of the TiC coatings and it is suggested that this is detrimental to 
good wear resistance of the coatings. The increase in the brittle 
nature of the coatings is substantiated by the observations made during 
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the investigation of mole ratio on the adhesional character of the 
coatings (see Section 8.2.8) it being found that considerably more 
flaking was observed at the sides of the scratch channels made on 
the inserts coated at the higher mole ratios, with a suggestion that 
a change occurred in the type of flaking from essentially cohesive 
for the the coatings deposited at low mole ratio to mixed adhesive/ 
cohesive for those deposited at the higher mole ratios. Surprisingly, 
the brittle character only appears to be significant for the coating 
deposited at a mole ratio of 5, even though a substantial increase 
in the flaking was also observed on the insert coated at a mole ratio 
of 4. It is, however, envisaged that the reduction in the tool lives 
of the insert coated at a mole ratio of 5 (relative to inserts coated 
at a mole ratio of 3 and 4) may be due to an enhancement of thermal 
cracking prior to coating breakthrough and/or the promotion of failure 
of pieces of the coating at, the rear of, the crater (see Section 8.3.1.2) 
once the coating has been penetrated. In contrast, similar reductions 
in the tool lives of the inserts coated at a mole ratio of 1 and 2 
(relative to inserts coated at a mole ratio of 3 and 4) are suggested 
to be due to their relative softness, this rendering these coatings 
more prone to undermining by adhesive wear processes. It should also 
be mentioned that even for these coatings, thermal cracking and loss of 
the coating at the rear of the craters would still be expected to be 
significant. 
More generally, the increase in tool life (relative to the un- 
coated inserts) afforded by the coatings deposited at the 5 different 
mole ratios is thought to be largely due to the reasons given in the 
last section for the inserts coated at a mole ratio of 4 i. e. the 
increase in tool life originates primarily from the reduced crater wear 
of the coated inserts, through its effect on chip/tool contact length 
and hence tool forces and temperatures. 
8.3.2.2 deposition temperature 
Figure 7.10 shows the tool life curves for the inserts coated 
with TiC at the deposition temperatures of 1050 and 1100°C as compared 
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to the similar curve for the uncoated inserts. Not surprisingly, 
the curves are essentially the same in form äs those described in 
the last section, in that, the tool lives for the inserts coated 
at the 2 deposition temperatures and the uncoated inserts decrease 
dramatically with increasing cutting speed. Whilst the curve for 
the inserts coated at a deposition temperature of 1050°C (CHy/TiCly 
mole ratio = 3) has already been considered in the previous section 
i. e. the inserts coated under these conditions are common to both 
the mole ratio and deposition temperature investigations, it being 
evident that the tool lives of these inserts are significantly greater 
than those of the uncoated inserts, it is clear that the tool lives 
for the inserts coated at a deposition temperature of 1100°C are only 
slighly longer than the uncoated inserts at a cutting speed of 37.5 m 
min-1 with little or no increase in tool life being afforded by the 
TiC coating at higher cutting speeds (also see Table 7.5). This is 
despite these coatings having the highest hardness (see Section 8.2.6). 
In accordance with the suggestions made in the last section it is 
proposed that this is a result of the coatings being particularly brittle 
and it is tentatively suggested that under the cutting conditions used, 
these coatings are likely to have 'cracked-up 'immediately and been removed 
from the H. S. S. substrate. 
It should be noted that the reason for the choice of inserts 
coated with TiC at a mole ratio of 3.79, rather than those coated at a 
mole ratio of 3.06 (see Section 7.3.1.1) for the more detailed tool 
wear and force tests was because of the latter coating having a parti- 
cular rougher surface, this being most apparent in Figure 5.9(d) 
(see Section 8.2.5). Since the optimisation of the TiC coating on 
the P. M. BT42 grade H. S. S. inserts with respect to the insert cutting 
properties in the present work is a forerunner to the development of a 
multilayer coated P. M. BT42 grade H. S. S. insert, possibly based on 
Al203/TiC, it was felt that the 'high-spots'/protrusions on the surface 
of the TiC coating deposited at a mole ratio of 3.06 would be detrimental 
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to the surface coating (A1203? ) and would very probably result in 
its quick penetration, thereby causing a significant reduction or 
even a complete loss in its effectiveness. 
CHAPTER 9 
CONCLUSIONS AND FURTHER WORK 
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9.0 CONCLUSIONS AND FURTHER WORK 
As with the discussion of the experimental work in the last 
chapter the major conclusions arising from the present work are 
divided into three parts. 
The first thirteen conclusions in this chapter are concerned 
with the characteristics of the TiC coated (standard deposition con- 
ditions) P. M. BT42 grade H. S. S. Following these are seventeen con- 
clusions (numbers 14 to 30) relating to the investigation of the 
effect of CH4/TiC14 mole ratio and deposition temperature on the 
characteristics of the TiC coatings and lastly, whilst the remainder 
primarily deal with the cutting properties of the P. M. BT42 grade 
H. S. S. inserts coated at a mole ratio of 3.79, principally in relation 
to the uncoated P. M. BT42 grade H. S. S. inserts, a number of conclusions 
refer to the effect of mole ratio and deposition temperature on tool 
life. 
1. The composition of the TIC coating on the as-coated inserts is 
essentially uniform throughout its thickness, until the coating/ 
substrate interface is reached, with a formula of TiCp. 77. This 
is in contrast to that on the heat treated, coated inserts which 
varies from TiC0.76' at a coating depth of 0.7pm to TiCo. 82at a 
coating depth of 2.9im, a consequence of an increase in the amount 
of interdiffusion between the TiC coating and the H. S. S. substrate. 
It is therefore concluded that the heat treatment used to harden 
the H. S. S. substrate causes a slight change in coating stoichiometry. 
2. The TiC coating on the rake face of the as-coated and heat treated, 
coated inserts both exhibit preferred orientation of the {220} 
planes with the heat treatment used to harden the H. S. S. substrate 
having no significant effect on coating preferred orientation. 
A similar preferred orientation of the (220) planes has previously 
been observed in TiC coatings chemically vapour deposited on both 
steel and cemented carbide substrates. 
207 
3. The lattice parameters of the TiC coating on the heat treated, 
coated inserts compare very well with values previously deter- 
mined for TiC coatings chemically vapour deposited on steel 
and cemented carbide substrates, but are significantly lower 
than the values determined for the TiC coating on the as-coated 
inserts. This is thought to be due to a reduction in internal 
strain in the coating during heat treatment of the H. S. S. 
substrate, a consequence of the formation of cracks as opposed 
to changes in composition. 
4. The microstructure of the P. M. BT42 grade H. S. S. substrate 
observed for the as-sintered inserts consists of relatively 
large angular carbides in a coarse grained semi-martensitic 
matrix, with a small amount of evenly distributed pearlite 
present at the grain boundaries. After coating, the angular 
carbides lie in a martensitic/bainitic matrix and the amount 
of evenly distributed pearlite at the grain boundaries 
increases significantly, a consequence of cooling from the 
deposition temperature. In addition, a band of pearlite 
exists in the substrate adjacent to the coating/substrate 
interface. This band of pearlite transforms to a band of fine- 
grained martensite after the heat treatment employed to harden 
the H. S. S. substrate is carried out. The bulk microstructure 
of the heat treated, uncoated and coated inserts consists of 
relatively large angular carbides in a coarse grained marten- 
sitic matrix with the martensite itself being coarse. 
5. The m aarohardness and average grain size values of the P. M. BT42 
grade H. S. S. substrate of the different types of insert reflect 
the optical microscopy results. That is, whilst typical values 
of the former are 605 HV30 for the as-sintered substrate, 565 
HV30 for the as-coated substrate and 912 and 906 HV30 for the 
heat treated. uncoated and heat treated, coated substrates res- 
pectively, the average grain size of the H. S. S. substrate of 
the as-sintered, as-coated and heat treated, coated inserts all 
lie in the range 5.25 ± 0.75 and those for the H. S. S. substrate 
of the heat treated, uncoated inserts are 7.9 and 7.3. 
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6. Two coating defects were found in the TiC coated P. M. BT42 
grade H. S. S. inserts 
(i) Cracks in the TiC coating near to the cutting edge on 
the heat treated, coated inserts, caused by the coating being 
unable to accommodate the -4 vol. % expansion of the H. 
S. S. 
substrate during the transformation from austenite to 
martensite during heat treatment of the H. S. S. substrate. 
(ii) Protrusions on the surface of the TiC coating. Whilst the 
cause of these is unclear it is tentatively suggested that they 
are associated with the particular deposition conditions 
employed. 
7. One substrate defect was found in the TiC coated P. M. BT42 
grade H. S. S. insert, namely, porosity in the P. M. H. S. S. sub- 
strate caused by the temperature during the vacuum sintering 
of the inserts being slightly low. 
S. The values obtained for the thickness of the TiC coating on 
the rake and flank faces of two as-coated inserts compare 
reasonably well on both the rake and flank faces. For both 
inserts, however, the thickness of the TiC coating on the flank 
face is greater than that of the coating on the rake face. It 
was also found from thickness values determined for the TiC 
coating on the rake and flank faces of two heat treated, coated 
inserts that the substrate heat treatment procedure does not 
affect the TiC coating thickness. 
9. The typical structure of the TiC coating on the as-coated inserts, 
as revealed by fractography, consists of elongated, acicular 
type grains, -! 50.2pm in size, growing normal to the coating/ 
substrate interface with more equiaxed type grains (ý0.1um) 
occurring near to the coating/substrate interface. The heat 
treatment used to harden the H. S. S. substrate has no significant 
effect on the coating structure, but changes the mode of fracture 
from predominantly transgranular in the case of the coating on 
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the as-coated inserts to predominantly intergranular in the 
case of the coating on the heat treated, coated inserts. 
10. The surface finish of the TiC coating on the rake face of the 
as-coated and heat treated, coated inserts is superior to 
that of the coating on the flank face. In the case of the as- 
coated inserts, deposition of the coating causes a deterioration 
of the surface finish on both the rake and flank faces. The 
heat treatment used to harden the H. S. S. substrate has no 
discernible effect on the surface roughness of the TiC coating. 
11. Hemispherical protrusions have been found to be present on 
the TiC coating of the as-coated inserts, on both the rake and 
flank faces, but predominantly on the former. More generally, 
however, the surface of the TiC coating consists of roughly 
acicular shaped grains, approximately fpm in size. Grains 
with this morphology have been previously observed on the 
surface of chemically vapour deposited TiC coatings. The heat 
treatment procedure used to harden the H. S. S. substrate has no 
effect on the surface grain structure/morphology of the TiC 
coating. 
12. The average microhardness values of 2602 and 2575 HVo. 025 determined 
for the TiC coating on the rake face of two as-coated inserts 
compare fairly well with the values of 2646 and 2812 HVo. 025 
determined for the TiC coating on the rake face of two heat 
treated, coated inserts. However, not only are these values 
obviously less than the values previously determined for TiC 
coatings chemically vapour deposited on steel and cemented 
carbide inserts but they are also substantially lower than those 
previously determined for TiC coatings on the rake face of P. M. 
BT42 grade H. S. S. substrates. These differences are thought to 
result from the effect of different deposition conditions. 
13. It was determined from the scratch tests that the lowest load 
at which flaking of the TiC coating on two heat treated, coated 
inserts occurred was 7 kg. Such flaking occurred at the sides 
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of the scratch channels and was characterised by mixed 
adhesive/cohesive coating failure. Similar flaking has been 
observed previously for TiC coatings chemically vapour 
deposited on steel substrates, but at much lower loads. The 
load required to effect 'complete' removal of the coating 
on the two heat treated, coated inserts was 8.0 kg and, as 
with the case of coating flaking this is much greater than 
the loads previously determined to completely remove a 
chemically vapour deposited TiC coating from a cemented 
carbide substrate. 
The major conclusions arising from the investigation of the 
effect of CH4/TiCl4 mole ratio and deposition temperature on 
the C. V. D. of TiC coatings on the P. M. BT42 grade H. S. S. 
inserts in the Plansee plant at Edgar Allen Tools are now 
listed. 
14. The thickness of the TiC coatings deposited on the P. M. BT42 
grade H. S. S. substrates increases exponentially with increasing 
deposition temperature and this is in accordance with the 
Arrhenius relationship existing between the deposition rate 
and deposition temperature, reported previously for TiC coatings 
chemically vapour deposited on steel and cemented carbide 
substrates. The activation energy for the chemical vapour 
deposition of TiC on P. M. BT42 grade H. S. S. substrates is 179 
kJ mol 
1 (42.5 kcal mol-1). Since this value is in close agree- 
ment to that reported previously for the chemical vapour 
deposition of TiC on steel, via the substrate reaction, it is 
thought this indicates that the substrate reaction is particularly 
influential during deposition of TiC on P. M. BT42 grade H. S. S. 
substrate and this is substantiated by conclusions 18,19 and 21. 
The value of the activation energy obtained in the present work 
is also indicative of the most likely rate controlling step in 
the deposition process being the adsorption of reactants on the 
substrate surface. 
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15. Increasing the CHy/TiCly mole ratio from 0 to 3 results in a 
fairly steep increase in the thickness of the chemically 
vapour deposited TiC coatings, however, whilst further 
increase in the mole ratio continues to produce an increase 
in coating thickness, the effect is less marked and the 
evidence suggests that the coating thickness begins to level 
off as the CH4/TiCly mole ratio approaches a value of 5. 
A similar, but rather more dramatic increase in the thickness 
of a TiC coating chemically vapour deposited on a cemented 
carbide substrate was found by Cho and Chun(64), however, in 
complete contrast to the present work an equally dramatic 
decrease in coating thickness was found for increases in the 
mole ratio above a value of 3. A considerably thicker 
coating was found to be deposited on the P. M. BT42 grade H. S. S. 
substrate by. the substrate reaction compared with a coating 
similarly deposited on a cemented carbide substrate and it is 
suggested that this indicates that the substrate reaction 
plays a more significant role during the C. V. D. of TIC coatings 
on P. M. BT42 grade H. S. S. substrates. Hence, with regard to 
the latter substrates it is suggested that in the presence of 
a strong substrate reaction, the deposition reaction is less 
sensitive to changes in the reactant gas concentration compared 
to cemented carbide substrates. 
16. Increasing the CHy/TiCly mole ratio from 0 to 5 causes an 
increase in the stoichiometry of the bulk of the TiC coatings 
from TiC0.81 to TiCp. 86. This is caused by a small decrease 
in the Ti content of the coatings in contrast to a small 
increase in their carbon-content. It is also evident that the 
stoichiometry of the coating deposited by the substrate reaction 
is significantly lower in the bulk of the coating compared to 
that at a point in the coating near to the coating/substrate, interface, 
but which was not in the diffusion zone, and this is thought 
to be a consequence of the growing TiC coating increasingly 
hindering diffusion of carbon through the coating, together with 
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the gradual denudation of carbon in the upper layers of 
the substrate. Similar results have previously been 
obtained for TiC coatings chemically vapour deposited on 
graphite substrates. 
17. No significant compositional changes have been observed in 
the TiC coatings deposited at the different temperatures and 
similar results have previously been obtained for TiC 
coatings chemically vapour deposited on graphite substrates. 
18. Whilst the TiC coating deposited at a mole ratio of 0 exhibits 
slight preferred orientation of the 
{111} planes, the coatings 
deposited at higher mole ratios have preferred orientation of 
the{220} planes. In all cases the reflection due to the 
{200} 
planes is considerably suppressed. The 
{220} preferred orienta- 
tion exhibited by the coatings deposited at mole ratios greater 
than 0, increases significantly for an increase in mole ratio 
up to 2, however, the 
{220} preferred orientation exhibited by 
the coatings deposited at higher mole ratios is approximately 
constant. In accordance with the effect of mole ratio on 
coating thickness (see Conclusion 15) it is suggested that 
whilst the coating deposited by the substrate reaction is known 
to have slight preferred orientation of the {111} planes, the 
{220} preferred orientation is representative of the layers of 
TiC coatings deposited by the overall reaction. Nevertheless, 
the relative intensity of the reflection due to the {111} planes 
is still quite large for the TiC coatings deposited at the 
higher mole ratios and this is thought to indicate that the 
substrate reaction plays an important role during the deposition 
of TiC even at the higher mole ratios and this is consistent 
with conclusion 14. 
19. Increasing the deposition temperature causes the relative intensity 
of the reflection due to the {220} planes of the TiC coatings to 
increase, a particularly dramatic increase occurring when the 
deposition temperature is increased from 1050 to 1100°C. As a 
result the coating deposited at 1100°C exhibits very strong {220) 
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preferred orientation. These observations are in keeping 
with the comment made towards the end of conclusion 18, in 
that the thickest coating deposited at a temperature of 1100°C 
exhibits a preferred orientation thought to be more repres- 
entative of the upper layers of the TiC coating deposited by 
the overall reaction i. e. the layers of the coating close to 
the coating/substrate interface deposited primarily by the 
substrate reaction have much less influence on the relative- 
X-ray intensities obtained for this coating. 
20. The lattice parameter of the TiC coatings increases with 
increases in both CHy/TiCly mole ratio and deposition tempera- 
ture, however, the mole ratio exerts the greatest influence 
in this respect. With regard to the latter, whilst some 
increase in lattice parameter would be expected as a con- 
sequence of the effect of mole ratio on coating stoichiometry 
(see Conclusion 16), this cannot entirely account for the 
increases observed in the lattice parameter. Alternatively, 
it is tentatively suggested that the effect of mole ratio on 
lattice defects may also be significant, the latter tending 
to increase the level of internal strain of the coatings and 
hence their lattice parameter. In the case of deposition 
temperature it is suggested that the increase in lattice para- 
meter similarly arises through an increase in the level of 
internal strain of the coatings, but this time as a consequence 
of the difference between the linear expansion coefficients of 
the coating and the substrate and cooling from progressively 
higher deposition temperatures. 
21. The structure of the TiC coatings deposited at mole ratios of 
0 and 1 differ from that of the TiC coatings deposited at 
higher mole ratios, the former consisting of sub-micron sized 
grains apparently lacking directionality. Although the 
coatings deposited at mole ratios of 2,3 and 4 consist of 
similar grains adjacent/near to the coating/substrate interface, 
coarser more elongated grains, oriented normal to the coating/ 
substrate interface are present in the upper layers with a 
214 
transitional region from one grain type to another occurring 
in the middle of the coatings. Whilst the coating deposited 
at a mole ratio of 5 exhibits a similar transition 
from fine 
to coarse grains, the latter appear to be more equiaxed 
in 
shape and this is consistent with the surface grain structure 
found for this coating (see Conclusion 23). It is proposed 
that the substrate reaction is primarily responsible 
for the 
growth of the finer more equiaxed grains adjacent/close 
to the 
coating/substrate interface with the transitional region 
in 
the middle of the coating occurring as a consequence of 
the 
increasingly more dominant overall reaction, the coarser grains 
close to the surface of the coatings 
being primarily deposited 
by the overall reaction. 
22. The structure of the TiC coatings deposited at the three 
different deposition temperatures resemble that of the coatings 
deposited at the higher mole ratios. The coatings consist of 
fine grains, apparently lacking directionality, in a region 
adjacent/near to the coating/substrate interface with a trans- 
ition to coarser more elongated grains, oriented normal to the 
coating/substrate interface occurring near the surface of the 
coatings. The thickness of the coarser grained layers close 
to the surface of the coatings (suggested in Conclusion 21 to 
arise from deposition by the overall reaction) appear to increase 
with increasing deposition temperature and this correlates with 
the degree of, preferred-orientation determined for these coatings 
(see Conclusion 19). There is some evidence to suggest, parti- 
cularly with regard to the coarser grained layers that increasing 
the deposition temperature causes an increase in the grain size 
of the coatings and this observation compares favourably with 
the increase in surface grain size found for these coatings. 
23. The surface grain structure of the TiC coating deposited at a 
CH4/TiC14 mole ratio of 0 is completely different to-those of 
the coatings deposited at higher mole ratios. Its surface con- 
sists of many shallow domed hemispherical protrusions approxi- 
mately 3 to 611ni in diameter with many having grown together to 
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form an assymetric morphology. In contrast, whilst the 
coating deposited at a mole ratio of 1 has a relief 
reminiscent of that of the coating deposited at a mole 
ratio of 0, its surface consists of relatively coarse 
acicular. shaped grains typically 0.5 to 1.0um in length. 
It is suggested in accordance with conclusion 21, that a 
transition in the surface grain structure takes place as 
a consequence of the increasing influence of the overall 
reaction. Whilst the latter is absent at a mole ratio of 
0 it does begin to have an effect at a mole ratio of 1 and 
it is speculated that the acicular shaped grains found to 
be present at the surface of the coating deposited at a 
mole ratio of 1 are primarily deposited by the overall 
reaction but on a surface which is still strongly influenced 
by the substrate reaction. The surface of the coatings 
deposited at higher mole ratios are thought to be increasingly 
representative of coatings deposited by the overall reaction 
and it is evident that as the mole ratio increases from 1 to 
5 there is a coarsening of the surface grains in addition to 
a change in grain shape from acicular to more equiaxed. 
In contrast to the findings of the present work it has 
previously been found that increases in mole ratio cause a 
decrease in the surface grain size of TiC coatings chemically 
vapour deposited on cemented carbide substrates. 
It has also been found that the coating deposited at a"mole 
ratio of 3 is covered with many rather large protrusions 
apparently different in nature to those observed on the 
coatings deposited at lower mole ratios and their formation 
is associated with the particular deposition conditions 
employed. 
24. Increasing the deposition temperature also causes significant 
changes in the grain size and shape of the TIC coatings. 
The TIC coating deposited at 1000°C is always accompanied 
by the formation of soot particles which reside on the coating 
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surface. It has been previously noted that coating growth 
can be disturbed by carbon deposits and that soot formation 
at relatively low temperatures causes a decrease in the 
deposition rates. The surface of the coating deposited at 
1000°C in the present work, however, consists of fine 
acicular grains which given the observed surface grain 
structure of the TiC coating deposited at a mole ratio of 
1 (see Conclusion 23) and the grain structure of the upper 
layers of the TiC coating deposited at 1000°C (see Conclusion 
22) indicates that the upper layers of the latter coating 
are primarily deposited by the overall reaction. The coatings 
deposited at higher temperatures consist of numerous pyramidal 
type grains interspersed with acicular grains and, in 
addition, increasing the deposition temperature causes a 
coarsening of the surface grains. It has previously been 
found in many investigations that increasing the deposition 
temperature results in an increase in the surface grain size 
of chemically vapour deposited TiC coatings. 
25. The surface roughness of the coatings decreases with increases 
in mole ratio from 0 to 2, however, it increases at higher 
mole ratios. These conclusions correlate to a certain extent 
with the findings outlined in Conclusion 23. With regard to 
the effect of temperature, the coating deposited at 1050°C is 
less rough than the coatings deposited at either 1000 or 1100°C. 
26. The microhardness values determined for the TiC coatings increase 
with increasing mole ratio and there is some evidence to suggest 
that the values begin to level off as the mole ratio approaches 
5. Similar increases in the microhardness of chemically vapour 
deposited TiC coatings have previously been found to occur with 
increasing mole ratio and this has been attributed to both a 
decrease in grain size and an increase in coating stoichiometry. 
An increase in coating stoichiometry (see Conclusion 16) with 
increasing mole ratio has also been found in the present work, 
however, this could not fully account for the increase in micro- 
hardness established. In addition, in contrast with the previous 
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work, an increase in surface grain size was found to occur 
with increasing mole ratio in the present work (see Conclusion 
23). Given this difference,, it is tentatively suggested 
that in addition to the effect of the increase in stoichiometry 
of the coatings, the increased microhardness may be associa- 
ted with the presence of dislocations and other crystal defects, 
it being envisaged that changes in their concentrations may 
occur as a consequence of the effect of mole ratio on coating 
nucleation and growth processes. 
27. Increasing the deposition temperature produces a more dramatic 
increase in the coating microhardness than that observed in the 
mole ratio investigation. Also, the evidence suggests that the 
microhardness may well continue to increase at higher deposit- 
ion temperatures than those investigated. In previous work, 
however, it has been found that the microhardness of chemically 
vapour deposited TiC coatings decreases with 
increasing 
deposition temperature, a consequence of an increase in the 
grain size of the coatings. The increase in the microhardness 
of the coatings in the present work cannot be due to a decrease 
in coating grain size since all the available evidence suggests 
that the grain size of the coatings increases (see Conclusions 
22 and 24). It is thought therefore, that as forwarded 
earlier for a similar increase noted to occur with increasing 
mole ratio that this may be associated with an increase in 
dislocation and crystal defect concentration. 
28. With increasing CH4/TiC14 mole ratio, small, isolated patches 
of pearlite initially present in the P. M. BT42 grade H. S. S. 
substrate adjacent to the rake face coating/substrate interface, 
grow in both size and number to form a continuous band of 
pearlite, this band increasing in thickness up to a mole ratio 
of 3. Concomitant with this, patches of pearlite begin to 
form at the grain boundaries throughout the bulk substrate 
microstructure and also grow in size and number with increasing 
mole ratio. The first of these phenomena is seen as being 
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directly attributable to the effect of CH4/TiCly mole ratio 
on the deposition reaction; namely that at low CH4/TiC14 
mole ratio the substrate reaction (i. e. the diffusion of 
carbon from the P. M. H. S. S. substrate to the 'active' 
surface sites to form TiC) plays a significant part in the 
deposition reaction in concert with mass transport of the 
reaction gases, but that with increasing CHy/TiCly mole 
ratio mass transport of the reaction gases gradually 
becomes 
the controlling factor in the deposition reaction, with the 
substrate reaction being progressively inhibited but not 
completely eliminated; this inhibition causes a progressivo 
build up of carbon in the austenitic H. S. S. substrate 
adjacent to the coating/substrate interface, leading to 
transformation to pearlite on cooling of the inserts from 
their deposition temperature. The second is seen as 
indicating that carbon diffusion from the bulk of the sub- 
strate to the coating/substrate interface takes place along 
grain boundary diffusion paths. 
29. Increasing the deposition temperature causes a band of pearlite 
initially present in the substrate adjacent to the coating/ 
substrate interface to decrease significantly in thickness 
until only small isolated patches are present. In addition, 
the small patches of pearlite present at the grain boundaries 
of the substrate decrease in size and number. The reduction 
in the amount of pearlite present in the substrate is indicative 
of an increase in the role of the substrate reaction, a 
consequence of the increased carbon diffusion rates expected at 
the higher deposition temperatures. Similarly, increased 
diffusion rates are responsible for promoting deposition of 
TiC by the overall reaction. The latter two factors combine 
to produce a significant increase in coating thickness (see 
Conclusion 14). 
30. With regard to the scratch test, neither the mole ratio nor the 
deposition temperature appear to have any significant effect on 
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the loads required to 'completely' strip the TiC coatings 
from their P. M. H. S. S. substrates. In contrast, the 
lowest load at which the onset of flaking of the coatings 
is observed appears to be a better criterion for assessing 
the adhesional character of the TiC coatings. This point 
is supported by the fact that there appears to be a change 
in the type of flaking from essentially cohesive at low 
mole ratio to mixed adhesive/cohesive at higher mole ratios, 
together with an increase in the extent of flaking for the 
coatings deposited at higher mole ratios. The apparent 
change in adhesive behaviour is thought to be due to the 
change in hardness of the coatings with increasing mole 
ratio (see Conclusion 26). 
In addition, it is apparent that some correlation exists between 
the loads at which flaking was first observed for the coatings' 
deposited at the different temperatures and their character- 
istics. The loads at which flaking is first observed for the 
coating deposited at 1100°C is higher than those for the 
coating deposited at 1050°C In addition the extent of the 
flaking observed on the former coatings is significantly less than 
on the coatings deposited at a mole ratio of 4 and 5. 
These observations are consistent with the increase in adhesive 
strength which would be expected to arise from the higher hard- 
ness of the coating deposited at 1100°C together with the 
greater interdiffusion which would result from deposition at 
this higher temperature. 
The remainder of the conclusions pertain to the investigation 
of the effect of the TiC coating deposited at a mole ratio of 
3.79 on the cutting properties of the P. M. BT42 grade H. S. S. 
inserts (see Section 7.3.1.2) and to the effect of CHy/TiCly 
mole ratio and deposition temperature on tool life (see Section 
7.3.1.1). As such they specifically relate to the workpiece 
material and cutting conditions used in the present work. 
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31. The flank wear land length versus cut'distance curves for 
the uncoated and TiC coated (CH4/TiCl4 mole ratio = 3.79) 
inserts are similar in form, consisting of a relatively 
short period of breaking-in wear characterised by an 
initially high wear rate, followed by a much longer period 
of steady-state wear which precedes catastrophic tool failure. 
However, the magnitude of the flank wear measured for the TiC 
coated inserts is considerably lower than that for the uncoated 
inserts. In addition, flank wear of the TIC coated inserts 
begins immediately (c. f. crater wear - Conclusion 35) at all 
the cutting speeds tested. Whilst the TiC coating is worn 
through before the end of each of the wear tests no abrupt 
change in the steady-state flank wear rate is observed. 
Similarly, it has been previously reported that the application 
of a TiC coating to H. S. S. and cemented carbide inserts brought 
about a significant reduction in flank wear. Comparable 
results to those of the present work have also been presented 
by Whittle for TiN coated P. M. BT42 grade H. S. S. inserts. 
32. The steady-state flank wear rate of the uncoated inserts 
decreases with increasing cutting speed from 30 to -35 m min 
with further increases in cutting speed resulting in a dramatic 
increase in the steady-state flank wear rate. With regard to 
the TiC coated (CHy/TiCly mole ratio = 3.79) inserts it is 
evident that whilst the steady-state flank wear rate versus 
cutting speed curve is similar in form to the uncoated inserts 
at cutting speeds above 37.5 m min 
li. 
e. increasing dramatically 
with cutting speed, the magnitude of the steady-state flank 
wear rates are significantly reduced. The reduction is most 
pronounced at lower cutting speed with the average flank wear 
rate for the TiC coated inserts being 33 times less than that 
for the uncoated inserts at a cutting speed of 37.5 m min 
1 
compared to 7 times less at a cutting speed of 52.5 m min-', 
Since similar trends have previously been observed for uncoated 
and TiN coated P. M. BT42 
(14,15) 
grade H. S. S. inserts by Whittle 
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under nominally the same cutting conditions as those used 
in the present work, the explanations forwarded by him 
are considered to be equally valid in the present work. 
That is, for the uncoated inserts it is thought that 
the increase in steady-state flank wear rate with cutting 
speed is due to the variation in the amount of sliding and 
-real area of contact between the tool flank and b. u. e. 
fragments i. e. to a decrease in b. u. e. size and stability; 
flank wear being caused by b. u. e. fragments rubbing against 
the tool flank as they are carried away by the workpiece. 
In addition, the reason for the reduction in the flank wear 
rates for the TiC coated inserts is associated with the 
reduced stability of the b. u. e. which forms on these inserts 
(relative to the uncoated inserts) this being a direct con- 
sequence of the lower coefficient of friction between the 
TiC coating and steel workpiece compared to the uncoated 
inserts and steel workpiece. This promotes b. u. e. sliding 
and effectively prevents the formation of relatively large 
b. u. e. 's on the TiC coated inserts. Although a decrease in 
b. u. e. stability i. e. an increase in real area of contact 
and b. u. e. sliding, would be expected to produce an increase 
in flank wear rate, this is not the case in the present work 
it being suggested that in accordance with the work of 
Childs and Smith 
(140), 
the large reductions in flank wear 
rates brought about by the application of the TiC coating 
in the present work, despite the greater amount of b. u. e. 
sliding is due to the coating effecting a reduction in the 
severity of the interaction between the b. u. e. fragments 
and the tool flank. 
33. Given the well known relationship between b. u. e. size and 
workpiece surface finish it is suggested that the smaller 
b. u. e. 's which form on the TiC coated (CH4/TiClq mole ratio = 
3.79) compared to those on the uncoated inserts are respon- 
sible for the superior workpiece surface finish (relative to 
that for the uncoated inserts) when turning with the TiC 
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coated inserts and also why the surface finish improves 
with increasing cutting speed. 
34. Examination of metallographically prepared cross-sections 
of the worn flan: faces of the uncoated inserts revealed 
that their flank faces are particularly smooth and that 
the carbides present there have become worn flat. Such 
a flank surface is considered to be characteristic of wear 
by adhesion and given the overall smoothness of the flank 
surface it is possible that the adhesive wear mechanism 
involves the removal of surface oxide films. Many other 
workers have previously presented convincing evidence for 
wear by adhesion on the flank face of H. S. S. tools. In 
the case of the TiC coated (CHy/TiCly mole ratio = 3.79) 
inserts in the present work, the flank surface was found 
to be even smoother and whilst this is also considered to 
be characteristic of an adhesive wear process the particular 
smooth nature of the flank face in this case is thought to 
indicate that the adhesive wear is of a milder form than 
that for the uncoated inserts. Certainly, the higher hard- 
ness, oxidation resistance and chemical stability of the 
coating, together with the lower coefficient of friction 
between TiC and steel are expected to be of significance 
in this respect. 
35. Generally., the maximum crater depth and average crater width 
wear curves for the uncoated and TiC coated (CHy/TiCly mole 
ratio = 3.79) inserts are similar in form to the average 
flank wear land length wear curves (see Conclusion 31). 
However, a number of differences between those for the TiC 
coated inserts and the uncoated inserts are apparent. Firstly, 
the presence of the TiC coating significantly reduces crater 
wear. Secondly, the presence of the TiC coating delays the 
start of crater wear at cutting speeds of 37.5 and 45 m min-' 
but this is not the case at 52.5 and 60 m min-'. Lastly, the 
maximum crater depth of the TiC coated inserts exceeds the 
thickness of the TiC coating very shortly after the start of 
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crater wear at all the cutting speeds used. Whilst a 
delay in the onset of crater wear has also been found by 
Schintlmeister(77,174) in his work on uncoated and TiC 
coated H. S. S. tools, in contrast Whittle 
(15) 
found that 
for TiN coated P. M. BT42 grade H. S. S. inserts used under 
nominally the same cutting conditions used in the present 
work, the TO coating wore through on the rake face almost 
immediately after the start of cutting, however, he found 
that its presence still led to a significant reduction in 
the crater wear of the inserts. Similarly, many other 
workers have previously established that the presence of 
a TiC coating on cemented carbide inserts brings about a 
significant decrease in crater wear. 
36. It is evident from the steady-state crater depth and average 
crater width wear rates for the uncoated inserts that there 
is a progressive increase in wear rate with increasing 
cutting speed. A similar trend has also been observed by 
Whittle 
(15) 
for uncoated P. M. BT42 grade H. S. S. inserts. 
The application of the TiC coating (CH4/TiCly mole ratio = 
3.79) in the present work reduces the maximum crater depth 
and average crater width wear rates by between 1.5 to 3 
times those obtained for the uncoated inserts. This compares 
to a reduction of between 3 to 4 times for TiN coated P. M. 
BT42 grade H. S. S. inserts, found by Whittle in his work. 
37. From the rake face sections through the worn uncoated inserts 
tested at 30,37.5,45 and 52.5 m min-' it is evident that 
the front of the craters are particularly smooth with the 
carbides present there having become worn flat. As in the 
case for flank wear (see Conclusion 34). these features are 
considered to be consistent with the wear in this region of 
the crater occurring by an adhesive mechanism. Whilst the 
middle and rear of the craters of the uncoated inserts tested 
at,. 30,37.5 and 45 m min-' also showed features which were 
characteristic of wear. by adhesion, albeit of a slightly more 
severe form than that at the front of the craters, the H. S. S. 
224 
substrate adjacent to the crater appeared to have become 
thermally softened as evinced by a large overtempered region 
in the substrate. The presence of 'quasi-stationary' b. u. e. 
material was also found adhered to the middle/rear region 
of the craters and this is of particular significance 
with regard to the TiC coated inserts (see Conclusion 41). 
A number of other workers have also presented evidence for 
adhesive wear in the crater of H. S. S. tools. 
In contrast, the middle/rear region of the crater of the 
uncoated insert tested at 52.5 m min-1 showed features con- 
sistent with these regions being worn by superficial plastic 
deformation. Firstly, the middle of the crater was intimately 
bonded to a relatively large piece of b. u. e. material, this 
being indicative of a condition of seizure at the b. u. e. / 
H. S. S. substrate interface and, in addition, stringers of 
H. S. S. substrate can be seen in the adhered b. u. e. pulled in 
the direction of b. u. e. /chip flow. Also, distorted grain 
boundaries of the H. S. S. substrate were observed towards the 
rear of the crater. Several workers have presented experi- 
mental evidence for the occurrence of wear by superficial 
plastic deformation on the rake face of H. S. S. tools. 
38. The delay in the onset of crater wear on the TiC (CHy/TiCl4 
mole ratio = 3.79) coated inserts tested at the cutting 
speeds of 37.5 and 45 m min 
1 in the present work, is thought 
primarily to be due to the high chemical stability of TiC, 
particularly at elevated temperatures, together with its high 
hardness rendering the coating particularly resistant to 
adhesive wear processes. The reduced coefficient of friction 
between the TiC coating and the steel workpiece is also 
considered to be significant in this respect. 
39. It is suggested that the TiC coating of the coated (CHy/TiCly 
mole ratio = 3.79) inserts tested at cutting speeds of 37.5 
and 45 m min-' is eventually undermined as a result of the 
coating being progressively weakened by thermal cracking, such 
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cracks traversing the entire thickness of the coating 
from its surface to the coating/substrate interface. 
It is envisaged that a point is reached where the 
coating is riddled with many cracks and large pieces of 
the coating break off under the action of cutting thereby 
exposing the H. S. S. substrate beneath. Such a mechanism 
is supported by the fact that the crater width increases 
for the TiC coated inserts tested at the cutting speeds of 
37.5 and 45 m min-' significantly quicker than the crater 
depth. Also, large pieces of coating, seemingly detached 
from the H. S. S. substrate were observed at the front of 
the craters of some of the worn cross-sections through the 
rake face of the TiC coated inserts. The aforementioned 
mechanism for coating failure bears some resemblance to 
that suggested by Chubb and Billingham(189) for TiC coatings 
on cemented carbide inserts. 
40. In contrast with the TiC coated (CH4/TiCly mole ratio = 3.79) 
inserts tested at cutting speeds of 37.5 and 45 m min-', the 
absence of any delay in the crater wear for the TiC coated 
inserts tested at cutting speeds of 52.5 and 60 m min-' is 
tentatively suggested to be due to the higher temperatures 
generated at these cutting speeds significantly reducing the 
hardness of the TiC coating resulting in the coating being 
quickly worn through after the commencement of cutting. 
41. The 'quasi-static' b. u. e. 's observed in the crater of the 
uncoated inserts (see Conclusion 37) were also found in the 
crater of the TiC coated (CH4/TiC14 mole ratio = 3.79) inserts, 
with those associated with the latter inserts being consider- 
ably larger than the former. The evidence suggests that these 
b. u. e. 's only have a temporary existence within the crater 
of the TiC coated inserts, the b. u. e. 's being swept away at 
some point by the chip. When this occurs it is suggested 
that wear of the H. S. S. substrate to which the b. u. e. was 
formerly adhered, takes place by adhesion, with small pieces 
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of thermally weakened substrate being pulled out by the 
adhering b. u. e. and carried away. The relatively rough 
nature of the b. u. e. /H. S. S. substrate interface in the 
middle and toward the rear of the craters of the TiC 
coated inserts tested at 37.5,45 and 52.5 m min-' in 
addition to what appear to be small pieces of substrate 
material, lying in positions within the b. u. e., close to 
the substrate, add weight to this suggestion. 
42. The aforementioned process in Conclusion 41 is part of a 
cycle which involves the TiC coating, the whole cycle having 
a particularly significant effect with regard to the 
reduction of crater wear of the TiC coated (CHq/TiCly mole 
ratio = 3.79) inserts. Whilst the coating present at the 
front of the crater plays little part in crater wear, the 
coating in this region readily cracking, in contrast, the 
coating at the rear of the crater is thought to play a 
particularly important role during cutting. At the start of 
crater wear proper, an almost. vertical fractured edge of 
TiC coating is present at the rear of the crater of the 
coated inserts tested at cutting speeds of 37.5,45 and 
52.5 m min 1. This hard 'straight' edge is considered to 
hinder the flow of the b. u. e. 's over the crater resulting 
in a build-up of b. u. e. fragments at the middle and rear of 
of the crater. It is suggested that for a short while the 
chip flows over the stagnant b. u. e. in the crater and is 
supported by the coating present at the rear end of the 
crater. As a consequence of the stresses imposed on the 
coating at the rear of the crater (i. e. by the b. u. e. being 
buffeted against the hard edge of the coating) cracking of 
the coating eventually occurs leading to the eventual 
detachment of a piece of the coating at the rear of the crater. 
Once detachment of the coating occurs the adhered b. u. e. 
fragments within the crater are thought to be swept away 
by the chip and crater wear is then thought to proceed by 
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the same mechanism as that for the uncoated inserts 
(see Conclusion 37), until the worn crater reaches a 
'new' TiC coating edge at the rear of the crater. At 
this point the whole cycle is repeated. 
43. From the metallographical cross-sections through the rake 
face of the worn uncoated and TiC coated (CH4/TiCly mole 
ratio = 3.79) inserts tested at cutting speeds of 
37.5, 
45 and 52.5 m min 
1, it was. found that the overtempered 
region extended deeper into the H. S. S. substrate 
in the 
case of the uncoated inserts compared to the TiC coated 
inserts. Although this is not conclusive evidence it 
is suggested that it may indicate that the temperatures 
generated on the rake face of the TiC coated inserts are 
less than those on the uncoated inserts. It has also 
been previously reported by Milovic et al 
(150) 
in their 
work on uncoated and TiN coated H. S. S. inserts that the 
presence of a TiN coating not only reduced the size of the 
H. A. Z. to about half that of the uncoated inserts but also 
significantly reduced the maximum rake face temperature 
and they attributed these effects to the smaller chip/ 
tool contact length on the TO coated inserts compared to 
the uncoated inserts. Similarly, a reduction in the chip/ 
tool contact length on the TiC coated inserts relative to 
the uncoated inserts was noted in the present work. 
44. Although the role of the TiC coating (CHy/TiCl4 mole ratio = 
3.79) on the inserts tested at a cutting speed of 60 m min 
1 
is thought to be similar to that of the coating on the 
inserts tested ht 37.5,45 and 52.5 m min 1, the stresses 
and temperatures are such that superficial plastic deforma- 
tion supercedes the described wear process for the TiC coated 
inserts (see Conclusions 41 and 42) as the major wear 
mechanism. Since evidence of superficial plastic deformation 
was observed for the uncoated inserts tested at the lower 
speed of 52.5 m min 1 (see Conclusion 37) it is thought in 
accordance with Conclusion 43, that this gives some credence 
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to the suggestion that the temperatures generated on the 
rake face may be lower on the TiC coated inserts compared 
to the uncoated inserts. 
45. From the variation of tool forces with cut distance for 
the uncoated inserts it is generally, evident that whilst 
the radial tool force shows relatively little change with 
cut distance, in contrast, the vertical and axial tool 
forces initially decrease and after some time reach a minimum 
value. After this point a much longer period begins over 
which both the vertical and axial tool forces increase in 
magnitude eventually exceeding their initial values. 
Corresponding variations of the calculated values of apparent 
coefficient of friction with cut distance are also evident. 
The initial decrease in the vertical and axial tool forces is 
thought to be due to the rapidly developing crater bringing 
about an increase in the effective rake angle. As the crater 
continues to increase in size, however, the chip/tool contact 
length also increases and it is suggested that such an 
increase will tend to increase the vertical and axial tool 
forces. As a consequence a point is reached where the chip/ 
tool contact length begins to exert the greater influence 
(i. e. at the minimum in the vertical and axial tool force 
values) and this causes the tool forces to increase with 
cut distance. 
46. The application of the TiC coating (CH4/TiCly mole ratio = 
3.79) to P. M. BT42 grade H. S. S. inserts reduces the average 
vertical and axial tool forces by between -7 to -16% and 
-13 to -34% respectively, and to a lesser extent the radial 
tool force. Furthermore, the apparent coefficient of friction 
between the TiC coated inserts and steel wor1piece material 
is between -7 and -20% less than that for the uncoated inserts 
and steel worlcpiece. In addition, the progression of tool 
forces with cut distance is altered by the presence of the 
TiC coating. Whilst the radial tool force is relatively 
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constant with cut distance, comparing to a certain extent 
with the results obtained for the uncoated inserts, the 
vertical and axial forces for the TiC coated inserts generally 
increase with*cut distance, the increase being less marked 
than those observed for the uncoated inserts. Comparable 
trends in the tool forces and apparent coefficient of 
friction with cut distance have previously been presented 
by Whittle 
(14,15) 
for uncoated and TiN coated P. M. BT42 
grade II. S. S. inserts and he attributed these to the smaller 
length of chip/tool contact on the TO coated inserts 
resulting from their increased resistance to crater wear. 
Similarly, it is suggested that the reductions in the 
vertical and axial tool forces and hence the apparent 
coefficient of friction in the present work is primarily 
due to the reduced contact on both the rake and flank faces 
of the TiC coated inserts compared to the uncoated inserts 
with the reduction in chip/tool contact length on the rake 
face being of most significance in this respect. 
47. Whilst the tool life of both the uncoated and TiC coated 
(CH4/TiCl4 mole ratio = 3.79) inserts decreases dramatically 
with increasing cutting speed, the tool life for the TiC 
coated inserts is. considerably greater, the increase in 
tool life afforded by the application of the TiC coating 
ranging from 3.8 to 6.5 times that for the uncoated inserts 
at cutting speeds of 37.5 and 53.5 m min 
1 
respectively. 
The increase in tool life brought about by the application of 
the TiC coating originates from the reduced flank and crater 
wear of the coated inserts, through its effect on chip/tool 
contact length and hence tool forces and temperatures, the 
reduction in crater wear being thought to have the greatest 
influence in this respect. Similarly, in the work by 
Whittle 
(14,15) 
, considerable improvements in the tool life 
of P. M. BT42 grade H. S. S. inserts were found to result from 
the application of a TO coating. 
230 
48. The variation of tool life with cutting speed for the 
inserts coated with TiC at the 5 different mole ratios 
shows the same general trend that has already been 
described for the inserts coated with TiC at a mole ratio 
of 3.79 (see Conclusion 47), the tool lives decreasing 
dramatically with increasing cutting speed. The inserts 
coated with TiC at all the different mole ratios exhibit 
significantly greater tool lives than those of the un- 
coated inserts at all the cutting speeds tested, 
however, 
the actual improvement afforded by the different TiC 
coatings varies with mole ratio. Whilst the 
inserts 
coated at a mole ratio of 4 have the longest median tool 
life at the lowest cutting speed, the inserts coated at 
a mole ratio of 3 exhibit the longest median tool lives 
at the higher cutting speeds. The inserts coated at 
mole ratios above 4 and below 3 show significantly lower 
tool lives (relative to those for the inserts coated at 
mole ratios of 3 and 4). 
The lower tool lives of the inserts coated at a mole ratio 
of 5 is suggested to be primarily due to a reduction in 
the wear resistance associated with the inherent brittle- 
ness of the coating, it being envisaged that enhancement 
of thermal cracking prior to coating break-through and/or 
promotion of failure of pieces of the coating at the rear 
of the crater (see Conclusions 39 and 42) following coating 
break-through is responsible for reducing the tool life 
relative to the inserts coated at a mole ratio of 3 and 4. 
In contrast, the lower tool lives of the inserts coated at 
a mole ratio of 1 and 2 is thought to be primarily due to 
the inherent 'softness' of the coatings, it being suggested 
that these coatings may be more easily undermined by 
adhesive wear processes resulting in a reduction in their 
effectiveness. 
More generally, the increase in tool life (relative to 
the uncoated inserts) afforded by the coatings deposited at 
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the 5 different mole ratios is thought to be due to the 
reason given in Conclusion 47 for the inserts coated at 
a mole ratio of 3.79 i. e. the increase in tool life 
originates primarily from the reduced crater wear of the 
coated inserts, ' through its effect on chip/tool contact 
length and hence tool forces and temperatures: 
49. The tool lives of the inserts coated with TiC at a deposition 
temperature of 1100°C are only slightly longer than those 
of the uncoated inserts tested at a cutting speed of 37.5 m 
min 
1 
with little or no increase in tool life afforded by 
this TiC coating at higher cutting speeds despite the coat- 
ing having the highest hardness (see Conclusion 27). It is 
proposed that this is a consequence of the coating being 
particularly brittle and it is suggested that its effective- 
ness is substantially reduced at low cutting speed and' 
negated at higher cutting speeds as a result of its severe 
cracking and quick removal soon after the start of cutting. 
As mentioned at the end of the discussion chapter the present 
work marks the forerunner to the development of a multilayer coated 
P. M. BT42 grade H. S. S. cutting tool insert possibly based on A1203/TiC. 
Since the available evidence in the literature for coated cemented 
carbide inserts shows that such a multilayer coated insert exhibits 
superior cutting properties compared to single layer TiC coated 
inserts it is tempting to consider the benefits which may be gained 
from applying this combination of coatings to P. M. BT42 grade H. S. S. 
inserts. Consequently, it is suggested that a useful area of further 
work would be an investigation of the optimum deposition conditions 
required to deposit a fully dense, adherent A1203 coating on the TiC 
coated (CHy/TiCly mole ratio = 3.79) inserts used in the present work. 
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Following this, a detailed study of the cutting properties (using 
nominally the same conditions as used in the present work) of such 
multilayer coated P. M. BT42 grade H. S. S. inserts could be carried 
out and the results compared to those obtained for the TiC coated 
inserts in the present work. Similarly, the evidence in the 
literature also suggests that multilayer coated cemented carbide 
inserts, combining both TiC and TiN coatings, may also significantly 
improve the insert cutting properties relative to single layer TiC 
or TiN coated inserts. Hence the potential of these multilayer 
coatings on the H. S. S. inserts should also be investigated. 
It is also felt that the present work raises some interesting 
questions particularly with regard to the deposition condition/ 
coating property relationships. Most important here is the effect 
of CH4/TiCly mole ratio and deposition temperature on the lattice para- 
meter and microhardness of the coatings, it having been tentatively 
suggested that this may be due to the two parameters affecting the 
defect density in the TiC coatings. For this reason it is felt that 
it is justifiable to carry out some T. E. M. work on the TiC coated 
inserts specifically with regard to examining the structure of the 
coatings and determine their dislocation concentrations. Although 
this would be a difficult undertaking given the problems associated 
with preparing thin sections of the coated inserts it is thought such 
an investigation might yield some interesting results. 
Finally, there is some evidence to suggest that the total flow 
rate of the reactant gases may have a significant effect on the 
chemical vapour deposition of TiC and this could be usefully studied. 
s 
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APPENDIX 1 
CALCULATION OF CH4 FLOW RATES REQUIRED TO GIVE 
DESIRED RANGE OF CH4-/TiC14 MOLE RATIOS 
N 
A1.0 CALCULATION OF CH4 FLOW RATES REQUIRED TO GIVE DESIRED 
RANGE OF CH4/TiC14 MOLE RATIOS. 
Example A1.1 Calculation of CH4 Flow Rate required to give a 
CH4/TiCl4 Mole Ratio of 3. 
If 850g of TiC14 is used during the one hour coating period, then 
the number of moles of TiC14 used is given by: 
Mass of TiC14 used 
Mass of one mole of TiCly 
No. of moles of TiC14 used = 
850 
" 
(47.9 x 1) + (35.453 x 4) 
= 4.48 moles 
Thus, to achieve a CHy/TiCly mole ratio of 3, the number of moles 
of CH4 which must be used during the one hour coating period is: 
=3x4.48 = 13.44 moles. 
At standard temperature and pressure (273.15K, 1 atmosphere), one 
mole of an ideal gas occupies a volume of 22.414 1. 
Using formula: 
PlVI P2V2 
T1 T2 
where : P1 = standard pressure 
V1 = volume occupied by one mole of ideal gas at standard 
temperature and pressure 
T1 = standard temperature 
P2 = C. V. D. reactor pressure (1 atmosphere) 
V2 = volume occupied by one mole of ideal gas at 
P2 and T2 
T2 = ambient temperature (298 K) 
The volume occupied by one mole of CH4 at ambient temperature 
and C. V. D. reactor pressure is: 
V2 _ 
P1V1T2 
_1x 
22.414 x 298 
P2T1 1x 273.15 
= 24.453 1 
Since: 
No. of moles of CHy used during one hour coating period = Volume 
of CH4 gas used/Volume occupied by one mole of CH4 at ambient 
temperature and C. V. D. reactor pressure 
and 13.44 moles of CH4 must be used during the one hour coating 
period to give the desired CH4/TiC14 mole ratio of 3, then 
Volume of CH4 gas which must be used 
= 13.44 x 24.453 = 328.6 1 
Thus, CH4 flow rate required to give a CH4/TiClk mole ratio 
of 3 
= 330 1 hr 
1 
APPENDIX 2 
READINGS TAKEN DURING COATING RUNS 
14 
en 
q 
q 
d 
to 
Cd 
-4 
01 
Cd E 
N 
+ý 
e1 
O O 
vi 
'd' 
1f) 
Oý O 
CD 
O 
V4 
CO 
tl 
CO 
mot' 
R 
ä 
O O O R O 
U2 0 0 0 0 0 0 0 0 
N 
0 
CD 
0 
Bey 
0 0 0 ÄO rý ri ýi H rl ri H . -I ri rý r-1 ii r-1 
O 
C fý 
Cd 4 
O O 0 0 0 O O O O O O O O 
v 
(D 
O 
CD 
O 
Cp 
O 
Cp 
O 
CO 
O 
tD 
O 
CO 
O 
cD 
O 
Cp 
O 
CO 
O 
to 
O 
Cp cD 
O O 
cC a 
O 
o 
Cl) 
94 
0 
+a 
N 
Co 
0 
Co 
LA 
R 
N 
R 
R 
CD 
R 
CO 
CO 
m 
00 
0 
CO M 0 0 G) 
F 
G) +3 Cý Cý Qý Cý Cý ßý Cý Cý 
CO 
O 
R 
O Q(0 ý Cý C) p m 
O $ i 
ý 
N 
O 
U '""ý 10 
N 
00 
O 
Co 
O 
00 
N 
Co 
N 
Co 
N 
Co 
M 
0 
M 
00 
M 
pp 
M 
C 
M M O 
C'+ 
O 
C9 Q) Cý Qý Qý Cý Cý Oý Cý 
o 00 Co m 
cd 
fä 
L. 
O 
N 
GO 
O 
Co 
O 
00 
N 
Co 
N 
o0 
N 
Co 
M 
00 
M 
00 
M 
00 
M 
Co 
M M to 
E F C1 Oý 01 Cý Oý Cý ßi Cý O0 W 
00 
C1 
Co 
Co Q1 
ti ti N ti ti ti in O M M O Ln 
ö 
00 00 M"1 O-1 O-1 O 00 O 00 (30 00 
t" 
O 
R 
O 
0.0 N ý'I ri ti 1"1 1`1 
ý'' ýý 
Co ix 
ýn LO 
o 0 0 0 0 0 0 0 0 0 0 0 M M M M M m M M M M N M 
(y N N N N N N N N N N N N N 
u. O O 0 `0 0 0 0 0 0 0 0 0 0 
i 
.aä ýn ýn 
C M O ýO O ý In 0 0 O o O F F - - in to M La to to in Cn 
O x 
CO 
eN 
CO 
N 
, CD - t0 n' 
CO 
R ' 
fD 
R 
CO 
R 
CD 
R < 
0O 
' 
(G Co CO CO 
N 
N 
N N N N N 
R 
N 
R 
N 
R 
N 
R 
N 
tr 
N mNO CC' 
a 
b0O 
ON 
90 
H 
", O O 
H '4 
in - in M 
E-4 :3 'N N M f, 
le Im 
0 Ali CO 
N 
as 
Is 
b 
ct 
c0 
N 
C) 
cC 
Ii 
c M QA CO C) c4 00 0 co O N pq 0 CO 
r1 
u, 
O O 
v 
0 
0 
0 
U) 
0 O 
If) 
O 
v 
0 
to 
O 
to 
O 
LO 
O 
v 
O OD t-1 r-I r1 ,ý H ri ri H rl H H H 
O 
E 
N 
U 
0 
+3 O UA 0 0 0 0 0 in to to 0 0 O &1 d 
O 
u) ltd If) to M U) ýN e4 e1ý tf, M ull 
O Ü 
O 
ri 
0 
ri 
O 
1-I 
0 
rl 
0 
rl 
0 
rl 
0 
H 
0 
H 
O 
ri 
O 
H 
O 
e-I 
O 
r-I 
O 
O O 
H 
N 
J 4 Cd N a ä 0 
El +) + 
0 
l- 
ti Co ti , -+ N N CO) CO CO) M CO) CO) 4- 
O CD 
CO 
01 
co 
W 
cc 
C) 
CO 
C1 
tC 
C0 
to 
0) 
c0 
C) 
to 
C) 
co 
C) 
CD 
0) 
0 O 
E A 
O 0 0) 
4-1 k, N 0 
C 
G) 
+' 4 
td r4 
'd 
73 
M 
F- 
N 
h 
M 
l- [- 
H 
F- 
N 
F- 
N 
F- 
M 
h 
M 
F- 
M Cl) 
a 14 o os as a) C) o) a) c) c) C) 
F- 
C 
ý F- 
C, 
V H 
a 
O 
M 
lr 
N 
t- 
M 
F- 
N 
F- 
H 
F- 
N 
F- 
h 
F- 
M 
ti 
CO) 
F- 
F- 
F- 
N 0 N 
E C) C) o) (D C) M () C) 
O O 
C) 
00 
C) 
00 
C) 
C) V 
to to ti ti ti N to ti ti ti to F M 
+' 
Cd E 
co 
rl 
Co 
V-4 
CO 
r-I 
Co 
7-4 
CO 
rl 
CO 
l 
CO 
-1 
o Co 00 Co CO 
F- 
co 
t- 
O %0 r r ý 1 r l 1 ri rl 1-1 
1 
iy N 
I[) 
`r 
If) 
eý ' 
IA 
' 
Ui IA 
4 
ICS 
Vý 
U: 
ýT 
It) 
tM 
U) U) 
Vý 
to U) 
Cl N N N N 
Cl Cl Cl 
er Vý 
Cl 
Vý 
ýH Cl Cl Cl Cl Cl Y 
x O rl O ri O H-1 O H O H O O O O ö O o H V 1-1 r-1 H r-I H rl rl 7-1 r-1 H-i rl 
H 
-d 
v--4 T-4 ri H -1 . .4 H H H 
r 
. cs a 
i ! r; N C-) 4J Fj p 
O to O N O F 
fÄ (- ) 
in I LO [! to O' V 
Co ti.. h' F- Co 
F-' 
Co Co Co N N CO to 
N Cd 
N N, N" N, N N N N N N ' N N 4. N N d 
93 $4 H P. 
-t 
x 
00 
_ CO) 
00 
Cf); 
00 
M 1 
M 00 
M 
M co 00 00 1 co co 00 
, 4 . H 
,. v-1 N 
M 
ri l 
M M M M M 
r C"1 rl ri rl 
C) N 
ji 0-, 
-4 
kt) O 0 IA 0 BfA 0 E . : r1 N N: M Cl) tC v I[) 
IA 
If) 
O 
Co 
M 
d0 
q 
-1 
V 
m 
au 
v' 
Co 
M 
N 
94 
d 
A 
H 
41 
., 4 
o t- cc °w w 
, 
Nn 
, 
o ao Co c) ao Co ýc o 0 0 0 0 0 ö ö ö ö ö ö ö 
Aw 
ö CD CD CD cCD coo CO CO cC 
CO o 0 0 
0 94 0 
-f 
0 O O CO ° O o 
O 
0 qÜ r ri 1-1 7.4 -1 7 H '-f V. -4 H , 1 ý rl k Uy 
cd 
h p 
O 
Pt 
O 
43 
ri t- ri t- 
t- 
(0 
t- CD 
((0 
t- 
(D 
t- 
co CO M M to t0 ä Q - ß0 
CO CO CO CO 
Ei m 
9.1 C) Cl) O it it 
4. ' OO G) 
t) 
cca 
4-3 -f c4 
b 
cc Op ONO GND ap Co ac0 
N 
00 
cc 00 c . 
= O $. 4 
10 O Cý Cý W ßý Qä Cý Cý 
00 
Q1 Qý 
c 
Qf 
Co 
Qý 
00 
Qý Ei Ä 
H0 
O 00 cc Co Op 00 
ÖO Cl 00 M M 
H O M Q) Q) 
C) 00 
W 
00 
C) 
Co 
C) 
Co 
O) 
Co 
Q) 
r 
. -i U 
F 
O 
. 
0 
o 
3 o 
0 
1.4 r4 
cc cc cc cc cc cc cc cc cc cc 
h 
Co 0 
w 
c4 
x 
ti 
gn 0 N M m m 
M 
m ý`ý m to M N M M c 0 
C7 
x . -1 
N -1 
J 
ri N "4 N "l N 
M 
N "l 
m M M 
N N N N N N N 
x 0 0 
Cl 
0 0 
Cl 
0 
Cl 
O 
Cl 
0 0 
C. C`7 
N Cl Cl Cl Cl Cl N N N N N N 
ýA O 
o O O O O # FH n le d' le le le le lgp le 
0d 
Ni 
(0 0 ca 
. Co 0 c0 0 0 
Cl N N N N N N N N N N N N 
ON 
94 
, 
r H . -1 , rl ri r-1 ýy ý-I H rl H Cl Cl Cl Cl Cl 
ýä 
H3OO 1-I ` N 
0 M Cl tt' 
ca in 
Co 
4 
ec 
.. l 
b 
0, 
4) 
to 
a 
'd 
d 
er 
0i 
+) Ei 
rl O 
() 
dý 
r-1 
t[) 
N 
0 
ri 
to 
O) CO 
d4 
00 
eý 
Q) 00 T r4 00 00 
OD 6 O O O 0 0 O O 
0 0 0 0 0 0 
.1 Fi Am 
ri rl rl rl r4 vl ri rl '-1 r"1 r°4 rl r4 
o +. ) m b 0 0 0 0 0 0 N iA Lf) 0 0 O O 
R1 
CO CO CO W CO CO Ili If) U) CG cG cC ca 
0 O 
rl 
O 
ri 
O 
ri 
O 
ri 
O 
r"i 
O 
-1 
O 
l 
O O O 0 0 O N Ü 
U i r r-I '""I r-I i-1 r"I r1 
0 
s 
PA 
E 0 +ý 
U) 
N Un Co Co m M LO t- F O cc Cý co G1 cc 07 cs Cý co C1 co Qý co Qý cc W ýo cc Ö Cý Qý Qý Q) 
Co 
ti 
ti 
C 
C) 
++ p. 4 0 -4 
r-1 
10 
0 
00 
Co 
F- 
00 
lý 
CO 
t- 
CO 
[r 
Co 
t- 
O 
CO 
N 
CO CO a 
00 
10 O o O Co o Q0 Q) ß) 0) C7 
CO 
C) 
Co 
p 
HU 
a 
o 
0 
Co 
Co 
N 
CO 
ti 
Co 
F- 
Co 
r" 
Co 
r" 
0 
CO 
Co Ö C C 
E C) 0ý O1 C) M C) C) 
C o 
M 
Co 
C) 
Co 
C) 
o 
M 
O O 
C) O 
Ü O 
O 
M 
n 
iA 
Co 
In 
Co in 00 
to 
Co 
U) 
00 
M ti 
ä v Co 00 Co 00 Co CO Co 00 Co Co Co 
' 1 
Ö N 
x 0 Ö Ö 0 0 0 
Ö 
0 
NO N 
Ný N N N N N N N N N N N N N 
C7 . O O O O O O O O O O O O O 
C) ý"ý M M CM M M M M M M M M CO) 
oU 
V 
4. ) JEJ M tcý 
M 
vi 0 A H Co + - Ln , 0 to Lo to n 193 in tn Ln CE , 
l 
ý x 
0 
N 
0 
Iý 
Co 
lý 
c0 
tý 
Co 
N 
tD ti n to to ti N N 
N N N N N N N N N N N :i ce, O 
N 
1 cd 10 - ß y U 
x N "4 N 1-1 N "4 N pl N rl 1.4 "q 14 ' ' 'ý 
a U. r-1 1-4 r- rl ri i-I 
ei ei 
r°I 
N 
r"1 
N 
l 
N N N 
r N r-1 ý""1 
H C3 
E. -rf 
O to 
. -1 N O N N M C ) V' 
ý 
li If) C0 
U, 
ba 
d 
4) 
N 
bß 
q 
in 
N 
r-1 
Cd 
F 
ti 
H 
Cd 0 
.1O O 
Oäß t- t- 00 to CD CO 0 00 co Cl) 
CO E 0 O O O O 0 O 0 
Ö 
O 
0 Ö in 
"1.4 A Gý 
H H ri H rl ri H r-1 rl r1 rl rl H 
ý 
o C ) 
T7 
O 
CO 
O 
cD 
O 
CD 
O 
CO 
O 
t0 
O 
CO 
O 
CO 
O O O O O O 
C1 qO 
O-I 0 0 
t0 to 
0 
CO 
0 
to 
0 
to Ö 
H ý r r -I H *4 *4 ri H rl 
q Uy 
co I 
c, C) 61 P. 0 
+-3 in ti 0 r 00 co 
00 
CD 
0 
ti CD CD 
ao 
CO 
ao 
CD 
ao 
C o F Ö 0 C) O) (M CD 01 0 O) C) D C) to Q) c o Q) to Q) 
0 4) to 
cd 
C) cd r4 'C7 
0 
00 000 
ÖO 
Gp CD 
ÖO ÖO 
000 
0 O O 
G4 
0 F4 
IL, 0 Qý C) Q0 Q) Q) C) Q) Q1 
0) 
Qý 
0 0 
Qý 
00 
Qý C) 
00 O 
Q) 
04 4-3 
O O 
E- 4 
Cý. 
O 
O 
co 
O 
CO 
e 
00 
cc 
00 
a 
Cý 
'm C) C) C) 0 0 
H C) C0 O C) C) C) O) () C) 
Cý 
C) C) 
co 
Q) 
0 0 
O) 
n 
r 
H 
in in in N in to N in N 
H ao ao Co m 
1-1 
GO 
v-4 
co 
V-4 
00 00 00 00 at- o 00 t- 00 
. -f ri 
( 
P4 a) 41 ii m co N rH-1 U) r0-1 COI 
H 
CO11 N 
O-1 H O 
Cd a x cl H 
(n 
H 
M 
H 
M °' 
a C) 
9 
°i 
H 
°' ° ' 
ý -1 H 
N 
H H H M 
xY V VV IV O 
u vw '3wI w w IV IV IV !p v ef' !N V ' v V 
s l: i LO Iii 
c O 
as 0) 
p O 
,n 
O O O O O O O O 0 0 
EM E-4 Un tO LO in in SO in tn in to 
ti t- ti r ti to cc 
oMNq N N N N N N N N N N N N N 
go N DC 4 ri rl 1-4 ~p 
` 
Ü 
+N-1 
Ni N 
N ~ '-1 
e 
H 
N 
H 
N .d N 
H 
N ý ý ý 
C) U! 
+ý1 "ý HH 
O in 
"O. 1 
in O 
N O ýA O Ili O in 0 N e9 cl ýN C O In (D 
t 
10 
C) 
y 
to 
A 
b 
A 
a) 
ca 
C) 
co 
E 
4) c Ei +-) o 
"ý 
7 
ýn ri ýn ao ýr Co %4 Ln . -r to IIt) 
I 
I) 
° ° 
ao o O o o O o 0 0 
It) 
0 
III) 
0 
n 
0 
n 
0 Ä 
lC) 
TI , -1 , -1 rI rl TI TI . ""1 . -I .I TI rl 
o +-3 O 
1 b 
O O O O o O O O O O O O O ti 
Mk 
CO CO CD CO CO CO CO CD CO CO CO 
(i V 0 ei 
0 
r-1 
0 
el 
0 
H 
0 
V-4 
0 
7-1 
0 
7.1 
0 0 
ei 
0 0 0 O 
rý t 
(D 
d c 
ä 0 
9 +. ) 
1f) 
F- 
O 
F- 
00 
0 
M 
cp 
c+M 
Co 
t1ý 
Co 
er 
cO 
er 
Co 
"ý 
Co 
eý 
0 41 
0 
Q) C) C0 C0 Q) C) G7 Q1 Qý 
t0 
Oý 
Co 
Cý 
Co 
Qý Cý 
0 
41 dm 
u 94 a) 
ce O 
a r-I 
i-i 'd 
LA 
t- LA F- 
M 
F- 
M 
t- 
M 
F- 
ep 
ti er h ep h 
N ti n 
GG c d 
tr 0 
' M C! (31 Q1 m a) o Q1 im C1 
P 
a 
t- 
C) 
äk :Z 4.3 
O 
C) E-4 U 
W 
0 
Ln 
F- 
A 
[ý 
M 
h 
M 
F- 
M 
F- 
d4 
h 
IN 
h 
e4 
lý 
"p4 ,4 M 
H Cý Q1 Cý Cý Cý Cý Oý Q1 
F- 
C) 
F- 
o 
h 
0 O 0 
s 
O 
(D ri 
ti ti ti ti ti N LO O M to F- o N 
ä TI Co TI "1 - TI x Co 00 Co 00 Co 7 1 ri 7.4 "1 
aý x 0 
W a 0 O 0 0 0 0 O O 
Cl) 
x Co 00 
"1 
00 
TI 
co co 
TI 
Co 
TI TI 00 Co 
O 
Co 
O 
Co 
O 
00 
O 
00 
00 00 r 
Ü 
O 
cc 
O 0 O O 0 0 0 0 0 0 u7 1 Ia cc its to c in in is to ui o cc 
M 
0 4) 
9U 
ý H 
C 
Ln 
O 
'n 
O 
LO 
O O O O 0 ° ° ° 0 F 0 o o o 10 
° 
3h a 
ti ti ti ti ti h N N to h O tC 4 
0 to N0 
x N N N N N N N Cl N N N 
F- 
N N 
q C7 ý DC 
a 93 O off 0 
N O O O 
F N M M ý' M O O 
ti 
an 
d 
Cd 4) 
m 
bß 
V 
Co 
m 
t. 
N 
CC 
ti 
0 
4º o 
o 
0 
o 
0 
O) 
0) 
N 
o 
ä 
0 . -I 0 
N 
CD 
to 
rn 
0 
o 
0 
0 
0 
0 
(3) 
0) 
O 
0 b 0 0 () 0 0 0 c) a) o o o a) Q, 
ö 
'd 
M 
, -ý i-4 T-4 V-4 H H H 
O O O H 1fß 
O O O O O O 0 0 O O O O 
H 
o O 
r-I 
Uä rI rl rl ri ei r-1 rl H-1 H H ri H-1 H 
) + Cd 
CL 
0 
++ 
to 
M 
0 
Cr) 
l'- 
N 
N 
N 
0 
Cl) 
to 
N 
CO 
N 
er 
N 
(7) 
N 
a) 
N 
(3) m 0 
+ C) M O) M C0 C) C) 0) C) Q) CN (M 0) 
H 
N 
O C) tl! 
++ ti 1.4 0 
O +) ý-W 
H O N N O 
) 
0 
C-1 
CV) Q) 
C 
C) Q) Q) C) Q ) 
ä 
s0, - v °' a) M a) (3) C) 
äi 
C ) 
C) 
a) CC) CC) CC) 
O k 
0 
0 
HU 
O 
M 
CI) 
M M " 
Cr) M M 
M 
Cr) 
M 
V 
M 
E'y C) C) C) C) () C) C) 0 (3) a) 0 
{ ) 
O) 0 
n 
Y 
.. 
H 
lfi 
g 
k: i in to 
h 
in 
g 
lf) 
g 
Ili 
g 
to to in IC) U) N 
.r 
F, a o 
ri 
oo 
ri 
co 
rl 
ao 
rl 
a o 
ri co ri a o ri oo co 00 00 00 00 94 
N 
rl . -1 ýH 
- 1 
N 
to ö to in in in in 0 
LO u" in u) to w ,ý x CH 
ö 
Cl 0 0 
0 0 0 ö 
0 0 0 Cl 0 N N N N N N N N N N N N 
M Cr) 
M M O O O O 0 O O O 
U CV) M Cr) Cl Cr) 
M 
Cl) M 
Cr) 
Cj 
Cl M Cf) 
M 
U 
° H 
0 
n 
0 
to 
0 
u3 
O 
in 
0 
to 
O 0 O A In E 
+ in to n to 
0 x N N N N N N N N N co N N CO 
: 4-3 N N Cl N N N N N N N N N N N 
N N N N N N N N N N 
1-4 
(D ra 
3 11 
. rq -H 
O` i- 0 in N N 0 in C C) Lo 
co 
en 
d 
ti0 
W 
a) 
00 
N 
Gl 
H 
ti 
4) 
4' 
N O h 00 h O 6l r-1 ri M M N N 4) 0 O O 0 0 m O a O O O O O O to t-1 r-I H 
H 
-1 
0 
l 
0 
i 
0 
H 
H 0 r-1 r-4 ' r-t r-1 '.. ý 
.HO 9 r r 
H rl r-1 H r-1 rl ý-4 H 
A .ý 
14 
ý O tA N O to 0 0 0 0 0 0 0 O N CO CO CO CO CO CO CO 00 Co CO CO CO CO O 0 O 0 0 O 0 O O O 0 O O O Q H H rý H H H H H rl H ri ri 
(a 1 ä 
ý0 cc cs w w w w w w ýr CO CO 4a .ý o 0 0 0 0 0 o O o o ti 
0 CD CD C) 0 (D 0 0 CD (D CD q 
ti 
0 
O H 
M 
H 
M 
H 'N G) Q1 ß1 e4 !ý M M N 
ä 9) ' o o 
M 
o 
M 
o 
N 
o 
N 
0 
N 
0 
M 
o 
M 
0 
Cr) 
o 
M 
0 
M M 
m o O 
(44 
O F+ 
0. a' H rl 7-1 dý Vý dý dý i41 er M 0! N Ei r. 0 M O 
CO) 
O 
M 
O 
M 
O 
Cr, 
O 
M 
O 
M 
O 
M M M Cr) M M HÜ H rI r1 r"I rl ý-i rý rl 
O 
ý-1 
O O 
e-1 
O 
rl 
O 
ri 
O 
m U U) U) 0 O to ýf! U) E U) h U) M U) U) 
0 &d CO 0 0 CO CO CO G C O o CO CO 00 Co 00 
N 
ai x o 
. 
14 
N 
N U) U) C l) IA I t) 
N 
U) 
N 
Ili 1[0 I! ) ICS U) 
w 
'ý 
'JC 0 
Ö Ö Ö 
Ö 
N 
0 
N N N N 
y ) N Cl N N N N N N N N N N N U 
x o O O o 0 0 0 0 O O O U M M M M M y 
l 
CO) 
M 
M 
M 
C') M M M M M 
1 
,C 
Rý iA LA LO LA to in 1lß +' 8U 
H0 O ý 
0% Oý ., ca c Cý o ci H 00 n w tN w w M M 
a% N F- F, F- 
{ 
N ti ti 
CO to m CO FD 
, N N N Cl N N N N 
N C N 
ý 0 Cl 
13 c O r '' N pC CD C W CO CD CO CO tD c0 cC 0 L4 U o0 t0 00 a 0 
d Cl) 00  O u! O U) O 1L) O 
H3 ' N N M M er CO 
I. 
ec 
c7 
a 
aý 
bß 
ca 
d 
.G Co 
F 
A4 
C) 
ý +3 Q) 
i") 0 H rl O ,ý o H O H O .-I r-1 0 0 ý LO to tf) LO tm to to U-j ao y , -i ri i-I i-I H . -I H . -i , -I ýi H v-I H ,, y rl rl rl H rl H ri H H v-I ri H r-I 
Al 
14 
U 
o 
+, 0 b O O O O O O O O O O O O O 
O F+ C') CO) C'') C'') CM CO) Cl) C'') CO) M CM C') M 0 rl H H rH H rl H H rl rl H . -1 . -I 
3 
CYi 
cd 
G1 
0 
O 
1 
N N N N r-1 rl rl ri ri rl ri O O 4 8 + 1 
c0 co O u) tc) to tf) tn to u) 0 to + 0 
i 
0 
- 
0 0 0 0 0 O 0 0 O E ' I v r1 rl H .i ri rl rl H . -H 
O (D ul 
i) 
U 
Fi $4 
O C) 
G) 
H 
Cl 
00 
N 
00 
N 
00 
Cl 
CO 
CO 
N 
CO 
N 
CO 
N 
CO 
NN 
CO 
N 
CO 
N 
CO 0 o 
C0 
(1 
+3 H 
o 
'C O 
"ý 
0 O 0 0 0 0 0 O 0 
h 
0 
o o 
1 ip t 
` H rl . "i H H W-4 H 1-I r-1 
H H 
CIO 0 
0 
FU 
a 
N 
aý 
N 
a) 
N 
(3) 
N 
C) 
7-4 
C) 
r1 
C) 
H-1 
C) 
r-I 
C) 
9-1 
e) 
r-I 
C) 
r-I o 
o H 0 1-4 0 i 0 H 0 0 0 0 0 0 0 
C ) 0 0) o o r ri r1 H ri H H H H v-I H 
I-e 0) N N N 
. tt- 
N N N N N N 16 4 10 Co H Co -1 CO CO CO Co CO Co 0 Co CO 
N 00 00 N CO 00 Co r ei r-1 H V-1 V-4 ri 1-4 v-i 
öa 
r-I .0 Fzl N 
Ln 
C) 
to 
C! 
to 
(Y) 
to 
. 0) 
11) 
Q1 
IC) 
(n 
It) 
C) Qto 1 it) in ul in to 0) CD C) , C) (n (n 0 M Q) Q) C) O) 0) 
C Ü o CO 0 CO o CO O CO o am 0 0 0 0 0 0 
Cl) 
c") lD 
CV) 
M M M CO 
CC') 
s" z 
U ++ 8U 
'4 cd 4) 0 
0 
If) 
O 
, I[) 
0 
" It) 
O 
, If) 
0 
- to 
o 
' Il) 
0 
IA 0 ° 0 0 0 E-4 M E-4 . , . 1f) It) 1A Ili II) If) 
N 
d: 
CO g CO r ,' 
to to to 
, CO CO '. 10 to tl- 
to CO 
4) W Or . 
Cl Cl . Cl I 
Cl Cl . Cl N Cl Cl 
N 
N 
N N 
O 
-I C7 x 
º-ý 
ä 
,. l. "ý 
W 
, 
CO 
to 
00 Co' 
" 
to 
CO 
to 
CO : 
to 
CO CO 
CO 
00 
is ,O O O ö U ao CO CO 
-rl rl H 
O ýA O 
.1 1.4 
O 
N 
ýt) O 
l 
to ' 
O O N C ) aM er ,C ýn c0 
0 
,H 14 
b 
q 
N 
43 
en 
cd 
a) 
0 
F 
N 
F-4 El 4-) O O O 0 0 0 0 N N T-4 T-4 T-4 V-4 N N 1-4 ri Q1 ß) QD M. r1 
to to tn tA to to to LA to to to to 0 to to IV V' v d' to 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
"rl a) ei ri rq r-1 rl r{ ri ri rl ri rl r"1 n ri ri ri ri r"I i-1 ri ri ri 9-4 
U 4.3Q um to to O in to LO to in to Ln a0 00 00 00 0 0 0 0 0 0 0 0 
0 Tr M M M M M M M M M M Cl) M M M M 'ý eM dý er 'RT er er 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 V 
rl ri H ri r-I H H r. 4 rl rl ri r-1 ri rl r-I ri r-I r-1 H rl H ri H 
H 
41 
N 
y 0 M O O M to to O LO M N N N N O O O Cn Qn cl m m H H 
+) r-4 Y-4 r-4 r-I "I v-4 r-4 P4 P-4 H v-4 r-4 7-4 "4 -4 0 0 0 0 0 a rq -q 
a +3 0 0 0 0 0 0 © 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 aý 0 ý ý ý4 H r-4 H v-4 H rl v-4 H H H H r4 r, r-4 H 7-4 , -4 4 o 
14 
4) Nti aý U C1 '-1 to to to 1A to t0 LA LA m N N N N O O C1 Q1 O Qn C1 (n ý" 1 ý-I 
6f +ý r-1 b ri rl "I T-I 1.4 rl rl rl rl H *""1 v-4 ri i-1 r"1 O O O O O O 7.4 r"1 
G1 i V O O O (D O O O O O O O O O O O O 0 0 O O 0 0 0 
GC it 0 ". 1 .1 7-1 -+ H .4 ri . -1 r1 rl rl r1 rl ri 7-1 r1 r1 rl 1-1 rl rl r1 P4 ri 
0) F4 
4-3 8 
4) 0 
EU 
p, M to O N O W O ,0 c" o N N N O O 0 0 Cm C! Q1 (3) n m"1 0 n"'n ý-1 .ý r"1 rl 1-4 *-I r-4 7-1 ri r4 H n r-1 r"'1 O O 0 0 0 O rl 9-4 
E O O O O O O O 
1 
O 
1 
O 
l 
O O O O O O O O O O O O O O 
H .i r-I ry ri 9-1 r"i 1.4 ei rl ri r-1 ei III v-1 rl 1-4 rl 1-4 rl ri r"1 r-4 
s 
41 U 
'ý 
M in to to to to n to Lo O Lo to lo o to o to to LA to IA M o 
+ý h h h h h h h h h h h h i" n h h h a ý" h h h h cs co 00 00 00 00 co co 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 ;4 
N ri 1-1 ri H ri 1"1 1-4 1,4 r-1 T`4 rl ri ri T"I ri r, l V-1 rl H 74 H T-4 Ti 
0 
ti to Ln V3 to LO to U'i Le) in to o Ln to to to o a Ln tn in 0 LO Ln 1A 1A 0 1A In n 0 to to Ifs to 1A 1A to Mi Lo 0 Ui Ln Ifs 0 
M M M M M M M M M M M M M M M M M M M M M M M 
"4 N N N N N N N N N N N N N N N N N N N N N N N 
cd 
E 
u 0 0 0 0 c o o O 0 0 0 O O 0 0 0 0 O 
10 
0 0 0 r 
O Ln to ýA to t! 
0 +""3 au . "4 ý V-+ 
o o o o o a; C; m oý aý ao 0ý 0ý 0; oý cý an c) o o F pd E0 'n 'n LO Ln in Ln in in ýr vý Vý eý ýä eN 'd' ýT vý vý aý Vý w Lo to 
h h h h h h h h N h h h h h h h h h h h h h h 2 
3 
N = 
N 
v 
N 
IN 
N 
IN 
N 
lw 
N 
IV 
N 
IN 
N 
v 
N 
IV C 
N 
v 
N 
v 
N 
v 
N 
V' 
N 
1t' 
N 
IT 
N 
tN 
N 
v 
N 
IN 
N 
v 
N 
v 
N 
v 
N 
v 4- 
Gý Ný cd 
a 
4 
p o :: i O ýA O ýA o ui O to iA O cr io O un C to O IA O H r i rl N N M M tr v to un W W h h 00 00 Q 1m O O 1-4 
- 4 r- 1 rl 
ri 
on 
N 
b 
d 
ca 
4-- 
w ec 
b 
ed 
R' 
r-I 
A 
c0 
H 
r_t X 
C) 
0 
C3 
+) 
p 
O O m O 7-4 ? -1 f-I H H N O O O O O 0 0 c c O Qý Cý 
"r1 
bog 
M 
0 
to 
0 
" 
0 
LO 
0 
iA 
0 
LA 
0 
to 
0 
to 
0 
Lc'! 
0 
in 
0 
tn 
0 
LO 
0 
to 
0 
Ln 
0 
to 
0 
Ln 
0 
in 
0 
to 
0 
to 
0 
LO 
0 
v 
0 
v 
o 
"rl 
A 
,G 
r-I ri r-I r-I H H r-I H ri rl r-I r-I ri ri H r1 r-I ri rl e-1 r-1 
ti 
ö 
cd 
o 0 0 0 0 o o Lil LA LO M M M M O O M N M M M to O 
.U C) 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
0 
N 
o 0 U rl r-I -I rl rl ri r1 rl r"I r-1 rl ri ri rl .i rl rl ri e-1 . -I r1 . -I 
C3 
N 
Cl 
a 
El 
O 
3 
l- ti 00 00 00 to 0 0 W UA Its V " W O V3 M M M M M M 
.1 
+4 
r-I 
0 
H 
0 
, -, 
0 
r-I 
0 
r-I 
0 
H 
0 
H 
0 
H 
0 
H 
0 
H 
0 
H 
0 
H 
0 
rl 
0 
rl 
0 
H 
0 
ri 
0 
ri 
0 
rl 
0 
., 
0 
1.4 
0 
ri 
0 
rl 
0 
4-3 
ti o aý m 
U 
Cd 
N 
+l r-4 
r. 1 
v 
h 
V-4 
l- 
r4 
00 
r-I 
00 
rl 
00 
1-4 
CO 
r-I 
CO 
14 
t0 
r4 
to 
rl 
Ln 
r-I 
u! 
r-1 
" 
e-1 
" 
ri 
v 
rl 
to 
4 
to 
1 
m 
H 
M 
H 
M 
r"1 
CO) 
ri 
CO) 
e-4 
M 
r4 4) 
ß: 
cd b O 
1 
O O O O O O O O O O O O O O O O O O O O O N0 -H e r1 'i '-1 H ri H H V-4 ri H H 1-1 7-1 'i ri r-4 r-4 ri r1 1-1 r"1 
Rý4-3 
0Ö 
E-H U 
1: 4 v-4 
l- [ý 
9-4 
00 
H 
00 
r-4 
00 
r-I 
CO 
7-4 
c0 
r-4 
cD 
i-I 
t0 
r-I P-1 
u" M 
v--4 
er 
v-4 H 
. 
r-4 
O 
7-4 
LA 
H 
M cr) M M M M 
0 E. 0 1"4 0 .1 0 ,1 0 rl 0 ,1 0 ei 0 +-1 0 V-1 0 V-4 0 r-I 0 ii 0 i-1 0 H 0 1-1 0 0 r4 0 r. 4 0 . -1 0 r-4 0 N 0 r-I 0 r-4 
d V O ti o ti Ln r. u) n mit ti 
a 
ti uý r" tn t- in ti to c- to t- to r tn t- to ti Ln r" LO n Lm ti to N to t- Ln t- kn t- to ti H oo 00 ao ao 00 ao ao ao ao oo 00 00 co 00 ao 00 00 00 ao co 00 ao 
N %. 0 " P-1 T-4 " T-4 H V-4 r. 4 ?, I 1"i V4 T-4 ri r4 ri r4 V4 -4 P4 " "q " 
s"q N N 
kA 
M 
Lo 
M 
u) 
M 
to 
M 
LA 
M 
M 
M 
tA 
M 
O 
M 
to 
M 
to 
M 
to 
M M 
un 
M 
M 
M 
U. 3 
M 
Ufj 
M 
in 
M 
N 
M 
M 
M 
'A 
M M 
0 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N N N N N N N N N N N N N N N N 
O 
U N 
r-1 
N 
v 
N 
. -1 
N 
rl 
N 
r-1 
N 
r 
ON 
rl 
N 
ri 
N 
v-1 
N 
º"1 
N 
-4 
1 
N 
-4 
N 
- 
Oý] 
-1 
ON 
N N N N N N N 
4. 
1 , l r r r-1 . "1 . -1 .4 1-1 ri i-1 . -1 
r? .cä 
M L[ to to U) to v'! ý to 
C. ) 4. J a c) l . -+ o o oi m m m 00 00 00 C) M 
" M (n o o o o 0 0 ri c G) 0 CA E+ ; to in LO to v v 11 IN v eV ' e, 3' v v to tt) It) to Il) If) In 
) 
N zj-ý 
t cq 
1 
Vcý 
Vý 
1 
t- eq 
1 
hN 
Vý 
t- N 
t' 
hN 
N 
s1' 
N 
IV 
N 
'd' 
N 
IV 
N 
t1' 
N N 
IT 
N 
' " 
N 
' ' 
t- 
N 
' ' 
t% 
N 
'" 4- 11 :3 , I 
I a 1 Iv 
- 
$10-4) D4 
a - x ;0 
0 
, -4 
0 
T-, 
0 
ý 
0 
r-I 
0 
rl 
0 
. -4 
0 
H 
0 
r-4 
0 
H 
0 
r-4 
0 0 
P4 
0 
H 
0 
14 
0 
- 
0 0 0 0 0 0 
U SH ri rl rl rl r-1 -1 v-4 ri e 1-1 "4 x4 rq r H r I N V-4 r-1 H rl rl ri " ri r-4 H . -4 ri 
6 Ci 3 
F 
O to o 
1-4 
10 
H 
0 
N 
0 
N 
0 
M 
0 
M 
0 
Vý 
10 
v 
O 
LO 
M 
to 
O un O 
. 
ifs O M O Uo O r"1 :4 
ý 1 
CO (O . l t, 00 00 CD C) O O ý r1 r""1 
N 
EO 
a, 
41 
ec 
'd 
cd 
d 
N 
d 
ri 
cd 
4J 
W 0 N N rl N N T-1 01 04 0 0) 0 0 0 0 0 N N o o Qf Cm 00 O " 0 O O O O O O O O O M O O O O O O O O O M M O M 
"ri 0 0 0 0 O O O O O ß1 O O O 0 0 0 0 0 0 O'1 O) o C1 
r-I ri ri e. -I ri H ri e-1 ri r4 ri e-I rl H ri ri 
4J 
0 
b 
O O O O O O O O O O O O O O O O O O O O O O O 
ii O CD O GM O m m m a) QM QM O 0 0 (n a) 0 C) a) m QI Q7 O 
ti U 
+4 
O 0 1%4 dý ýN V M M rl rl N to to 114 w to rl r1 N N r-1 1-4 9-1 M M 
+) co to to ca CD CD to to co co CD CD (o cc co c CD c to CD CD to +J C) C) 0 O Q1 Q) 0 C) ßM Qn m 0 Qn Qn a) M O Q1 03 W a Q) cl 
ä J c 
44 k 
U 
co 
O0 
4J -1 
. -ý 
' 
IV " er M M ri r4 N Lf) 10 v eM to r-I . -i N N . -1 rl ri M M r 
a 
o 
'0 
CD 
M 
CD 
C1 
to 
0 
(o 
O) 
to 
C1 
to 
m 
CO 
CM 
to 
0 
CO 
O 
to 
M 
w w 
C) 
to 
m 
to 
m 
0 
O) 
M 
C) 
CO 
C1 
to 
Om 
W 
(m 
to 
cl 
CD 
Q) 
to 
Om 
cm 
QI ß'. i tO 
a 0 
a i 
FU 
LL Vý eN IT M rl r-1 N uo in 'dt V to ri r-I N N 1 . -1 r4 M M O M 
OI 
CD 
m 
CD 
M 
M 
m 
tD 
M 
CO 
O 
CO 
(N 
CO 
C') 
CC 
M 
CO 
0 
t0 
Q) 
CO 
O 
m 
Cl 
t0 
M 
m 
O 
m 
M 
m 
m 
cD 
m 
o 
Cn 
m 
0 
tD 
G) 
CC 
Cm 
M 
m 
O 
r 
ý 
+J to 
l- 
0 
h 
0 
h 
Ili 
h 
to 
h 
Lfi 
h 
Ul 
h 
to 
h 
10 
h 
to 
h 
to 
h 
to 
h 
Lf! 
h 
'M 
h 
O 
h 
U1: 
h 
Ln 
h 
In 
h 
U3 
h 
to 
h 
1A 
h 
to 
h 
to 
tý 14 00 00 00 00 co co 00 00 00 co 00 co 00 00 00 00 00 00 00 00 00 GO 00 
3 .y N 
rl rl ri ri V-1 rl rl r 1"1 1-1 rl r"4 1"1 r'1 r1 Ti rl r-I rl rl rl pq 4 
CM 'a N 
'A 
00 00 
to Lo 
00 00 
to 
CO 
0, 1fß 
00 
UPS 
00 
o 
00 
l A 
co 
l 1lß 
00 
I 
00 
Lo Ul 
00 
A 
00 
Ifl 
00 
l t, 
00 
I 
Gp 
Io l to 
00 
1A 
00 
ýf! 
ap 
ßl1 
00 
M 
CO 
t0 
00 00 
V4 H P4 1H r-4 V -I H r1 r4 r-l . -1 9"4 r"4 l rq 9,4 H P-1 V-4 rl H rl rq . "1 
ci r ! ý'i C O O O C O O O O o o o o O O O p O C C O C O v h h h h n h n h h h h h r. h h h n h r" n n l.. h M M m ien M M M M M M M M M M M M M M M M M M 
rl ý3 
ä to W 0 O 
v +º av ao CO oo ao oo oo ao t- h h e" h h ' 0 'o 0ö a 0 0 ,3 
[l+ 
F° V IN W s>" mot' qv IM 1*4 vT 'W V' 144 V V er U-4 O to un 
h h h h h h h h h h h h tý h h h t- h h h h 
º'ý. ' 
N v N IT IV v C N' N' NCB N N' N 
p 
UI U1 cl 
. -1 cd u1 p, 
7G ýC 
, 
I qC 
M i1 
Y 
7' 
O 
-1 
O 
N 
O 
i 
O 
-1 
O O O Q O O O p 0 0 0 0 0 0 0 0 0 0 0 . i e r ý . -1 rl H ri r-i rl H rl N rl ý-1 rl r-1 1-4 rl r-1 -1 H i-1 
o ýn o n o in o to o in 0 to o to o a o ýr, o to 0 tr) N N M c` ) er 'V' to O CO t0 h h 00 00 M 01 O O ri E-4 
- r` 
1 I: I 
T r 
ri 
en 
t3 
4J 
W 
h0 
b 
co 
a) 
M 
r-I 
G) 
cd 
+ý 
p 
N r"I O O O O O O 
"r g 0 0 0 0 0 0 0 O 
ý i 1-1 V-i 1-1 r-4 7-4 V-1 "l Ä ý r-1 ri r-4 ri r"1 r-4 r-I ri 
ö 4j 10 C 
Ln 
CD CO 
in 
C 
Ln D 
D M D CO ( C CD 
ö 0 r4 ý 0 0 0 
r4 Üy 
C) O C) CV O O O M o7 (l) 
Ö 0 CO 0 Ö 0 Co 
433 0 
0 0 r-I r4 rl rý T-I r-1 e-4 ry 
+1 Nk G) 
U OO , -1 M N 0 0 O Co Co Op cd 43 rq 'C 0 CO to CO CO Ifl to aA 0 (. -l ' O O 0 O O 0 C) 0 CG 0 T 1 "I ri r-1 ýi ri 1-4 r-1 
A 
HÜ 
od ei cq cm cl 
O CD CO 0 Ö CD CD CO E i ö 
+. 4 vi rl rf ri r"1 vi r-I 
s 
U N N N N N 
NN" tN`" 
n 
( E" 00 00 ao CO CO CO CD Co 
3i x 
w 'p x 
Ln 
r 
An 
00 0 00 C) c i C) 
Ti 
0) 0 ) 
vi 
C) 0) 
.1 pl 
cl O "ý*, .O O 0 0 0 0 O O 
U M M M M M ci M 
M 
.t 43 V 44 
0U 
00 
C) 
eta 
C) 
w 
C) 
w 
C) 
rr 
C7 
er 
00 00 
l 
CD Eý M 
E-1 er e er 
1 
4) N N N N N N N N 
x vý aý vý el ä 0 01 w 
q 
a vi , -4 
o o d o O 
U r4 r-1 rl vi Ti 
dN 
A 
"ý 
O O O to O U) O M 
[I U N N M M 
APPENDIX 3 
CALCULATION OF ACTUAL CH4, JTiC14 MOLE RATIOS 
ACHIEVED DURING COATING RUNS 
A3.0 CALCULATION OF ACTUAL CH4/TiC14 MOLE RATIOS ACHIEVED 
DURING COATING RUNS 
Example A3.1 Calculation of CH4/TiC14 Mole Ratio achieved 
during Run 4. 
As shown in Table 5.3, the mass of TiC14 used during run 4 was 
835.5g. 
With reference to Appendix 1: 
835.5 
No. of moles of TiCly used = 
(47.9 x 1) + (35.453 x 4) 
= 4.404 moles 
As also shown in Table 5 3, the CHy flow rate used during run 4 was 
330 1 hr 1. With reference to Appendix 1: 
No. of moles of CH4 used 
330 
24.453 
= 13.495 moles 
. 
'. CHy/TiCl4 mole ratio achieved during run 4 
13.405 
4,404 
= 3.06 
(c. f. desired CH4/TiC14 mole ratio of 3) 
APPENDIX 4 
CALIBRATION OF STRAIN GAUGE DYNAMOMETER 
USED IN CUTTING TESTS 
A4.0 CALIBRATION OF STRAIN GAUGE DYNAMOMETER USED IN CUTTING TESTS 
A4.1 Calibration of Strain Gauge Dynamometer 
Calibration of the dynamometer was accomplished by subjecting it 
to vertical, axial and radial loads on an Instron Mechanical Testing 
machine, using the general set-up shown in Figure A4.1 in which a probe, 
mounted in the load cell on the Instron, transmits the load to the 
dynamometer via a square-section, dummy holder fastened in it in place 
of the insert holder. This dummy holder is shown in Figure A4.2 
together with the fixture used to locate the dynamometer in the correct 
position on the Instron relative to the probe. In Figure A4.3, the 
dynamometer is shown correctly located relative to the probe for calibra- 
tion in the vertical, axial and radial directions respectively. In each 
of these positions, incrementally increasing loads were applied to the 
dynamometer and the corresponding displacements of the traces on the U. V. 
recorder noted. From all the results thus obtained, three sets of 
calibration curves were drawn and these are shown in Figures A4.4 to A4.6. 
From these figures, it can be seen that although there was some cross- 
coupling between the three dynamometer axes, all the calibration curves of 
displacement versus load are linear and pass through the origin. The 
vertical, axial and radial displacements can thus be defined by the equations 
given below: 
av 9vv " Fv + 9va ' Fa + gvr . Fr (A4.1) 
as - gav . Fv + gaa " Fa + gar " Fr (A4.2) 
dr = grv . Fv + gra Fa + grr " Fr (A4.3) 
where: 
0v, 6a and 6r = vertical*, axial* and radial* displacements(mm) 
Fv, Fa and Fr = vertical*, axial* and radial* forces (kg) 
gay = slope of curve of da/Fv (mm kg 1) etc. 
(* relative to the strain gauge dynamometer) 
The slope of each of the calibration curves obtained was determined 
using linear regression analysis and gave the values detailed below: 
From Figure A4.4 
gvv = 0.3270 mm kg 1 
gav =0 
gram _ -8.46 x 107 
3 mm kg-' 0 
From Figure A4.5 
gva = -0.0270 mm kg-' - 
gaa = 0.3267 mm kg 
1 
gra = 0.0107 mm kg-1 
From Figure A4.6 
gyr = -0.0736 mm kg-1 
gar = -0.1027 mm kg-1 
grr = 0.4363 mm kg 
-l 
Substituting these values into equations (A4.11, (A4.2) and (A4.3) gives: 
6v=0.3270 Fv - 0.0270 Fa - 0.0736 Fr (A4.4) 
Sa = 0.3267 Fa - 0.1027 Fr (A4.5) 
Sr = 0.0107 Fa + 0.4363 Fr (A4.6) 
However, equations of force in terms of displacement, not displacement in 
terms of force are required. Therefore, first multiplying equation (A4.6) 
by 30.5327 and subtracting the resulting equation from equation (A4.5): 
öa - 30.5327 6r = -13.4241 Fr 
Therefore Fr = -0.0745 da + 2.2744 Sr (A4.7) 
Now, substituting for Fr from equation (A4.7) into equation (A4.5): 
Sa = 0.3267 Fa - 0.1027 (-0.0745 
Sa + 2.2744 Sr) 
i. e. S. = 0.3267 Fa + 0.0077 
Sa - 0.2336 Sr 
Therefore Fa = 3.0373 Sa + 0.7150 Sr (A4.8) 
Finally, substituting for Fr from equation (A4.7) and Fa from equation (A4.8) 
into equation (A4.4): 
Sy = 0.3270 FV- 0.0270(3.0373 6a+ 0.7150 Sr) - 0.0736(-0.0745 6a+ 2.2744 Sr) 
i. e. Sv = 0.3270 Fv 0.0765 Sa - 0.1867 Sr 
Therefore Fy = 3.0581 6v + 0.2339 Sa + 0.5709 Sr (A4.9) 
Thus, the three force/displacement equations required to convert dis- 
placements of the traces on the U. V. recorder during cutting to tool forces 
(relative to the dynamometer) are, to three decimal places: 
Fr = -0.075 da + 2.274 Sr (A4.7) 
Fa = 3.037 Sa 0.715 6r (A4.8) 
Fv 3.0586v +0.234 6a +0.571 6r_ (A4.9) 
Figure A4-. 1 General set-up used for calibration of three-component 
strain gauge dynamometer. 
Figure A4-. 2 Square-section, dummy holder and location fixture 
used in strain-gauge dynamometer calibration. 
ý! 
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Figure A4.3 Strain gauge dynamometer located for cal ibrat ion in (a) rt, ica1. 
(b) Axial and (c) Radial directions, 
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APPENDIX 5 
FURTHER RESULTS FROM TOOL WEAR TESTS WITH UNCOATED 
AND TiC COATED (CH4/TiC14 MOLE. RATIO = 3.79) 
INSERTS 
A5.0 FURTHER RESULTS FROM TOOL WEAR TESTS WITH UNCOATED AND TiC COATED 
(CHq/TiClq MOLE RATIO = 3.79) INSERTS. 
Table A5.1 Increase in maximum flank wear land length and variation 
of maximum b. u. e. height with cut distance. Uncoated 
inserts, cutting speed 30 m min-l. 
Cut 
distance 
Maximum flank wear 
land length & position 
mm 
Maximum b. u. e. height 
& position 
mm 
m 
Test 1 Test 2 Test 1 Test 2 
150 0.36(A) 0.63(C) 0.32(B) 0.46(C) 
300 0.54(C) 0.99(C) 0.21(B/C) 0.27(A/B) 
450 0.66(A) 1.10(C) 0.19(B/C) 0.25(B/C 
600 0.76(A) 1.12(C) 0.23(B) 0.25(B) 
750 0.91(A) 1.18(C) 0.25(B) 0.29(B) 
900 1.03 A 1.23(C) 0.32(B 0.30 B 
1050 1.13(A) 1.34 C 0.19(B) 0.38(B) 
1200 1.22(C) 1.42(C) 
_ 
0.25(B) 0.13(B 
1350 1.57(C) 1.68(C) 0.12(C) 0.30(B) 
1500 1.84(C) 1.79(C) 0.13(C) 0.21(B) 
1650 1.96(C) 1.90(C) 0.04(B) 0.60(B) 
1800 2.04(C) 2.19(C) 0.10(B) None 
1950 2.17(C) 2.30(C) None None 
2100 - 2.41(C) 
- - 
None 
2250 - 
:] 
2.44(C) - None 
Table A5,2 Increase in maximum flank wear land length and variation 
of maximum b. u. e. height with cut_listance. Uncoated 
inserts, cutting speed 37.5 m min . 
Cut 
distance 
Maximum flank wear 
land length & position 
mm 
Maximum b. u. e. height 
& position 
mm 
m 
Test 1 Test 2 Test 1 Test 2 
100 0.52(C) 0.42(C) 0.22(B/C) 0.29(C) 
200 0.84(C) 0.80(C) 0.28(B) 0.18(C) 
300 0.89(C) 0.89(C) 0.22(B) 0.19(B) 
400 0.98(C) 1.04(C) 0.23(C) 0.17(B/C) 
500 1.10(C) 1.08(C) 0.23(B) 0.15(C) 
600 1.25(C) 1.32(C) 0.14(A) 0.12(B/C) 
700 1.37(C) 1.35(C) 0.21(B) 0.15(C) 
800 1.43(C) 1.38(C) 0.12(B) 0.12(C) 
900 1.46(C) 1.40(C 0.20(B) 0.23(C 
- -11 1000 1.50(C)-" 1.41: (C) None 0.19(C) 
Table A5,3 Increase in maximum flank wear land length and variation 
of maximum b. u. e. height with. cut distance. 
Uncoated 
inserts, cutting speed 45 m min-'. 
Cut 
distance 
Maximum flank wear 
land length & position 
mm 
Maximum b. u. e. height 
& position 
mm 
m Test 1 Test 2 Test 1 Test 2 
25 0.29(C) 0.31(B/C) 0.12(B) 0.16(C) 
50 0.46(C) 0.39(C) 0.16(B/C) 0.14(B) 
75 0.55(C) 0.43(C) 0.14(A/B) 0.14(B) 
100 0.63(C) 0.57(C) 0.14(B) 0.13(C) 
125 0.70(C) 0.69(C) 0.15(A/B) 0.16(B) 
150 0.73(C) 0.72(C) 0.19(A/B) 0.16(B/C) 
175 0.76(C) 0.75(C) 0.18(B) 0.18(B/C) 
200 0.84(C) 0.88(C) 0.13(B) 0.17(C) 
225 - 0.90(C) - 0.10(A) 
F 
Table A5.4 Increase in maximum'flankyear land length and variation 
oß maximum b. u. e. height with cut_Jistance, Uncoated 
inserts, cuttiäg speed 52.5 m min . 
Cut 
distance 
M 
Maximum flank wear 
land length &'position 
mm 
Test I Teat2 
Maximum b. u. e. height 
& position, 
mm 
Test 1 Test 2- 
10 0.17(A) 0.20(A) 0.14(A/B) 0.11(B/C) 
20 0.20(C) 0.25(C) 0.17(B) 0.12(B/C) 
30 0.28(C) 0.32(C) 0.24(C) 0.13(A) 
40 '0.29(C) 0.35(C) 0.16(B) 0.09(A/B) 
50 0.34(C) 0.40(C) 0.13(B) 0.08(B) 
60 0.41(C) 0.44(C) 'O. 11(B/C) 0.10(B) 
70 0.50(C) 0.52(C) 0.16(C) 0.11(ß) 
Table A5.5 Increase in maximum flank wear land length and variation 
of maximum b. u. e. height with cut distance. 
TiC coated 
(CH,. /TiCl. mole ratio = 3.79)inserts, cutting speed 
37.5 m min 
Cut 
distance 
m 
Maximum flank wear 
land length & position 
mm 
Test 1 Test 2 
Maximum b. u. e. height 
& position 
MM 
Test 1 Test 2 
200 0.07(B) 0.09(B) 0.06(C) 0.07(B) 
4Q0 0.09(A/B) 0.09(B) 0.09(B/C) 0.08(B/C) 
600 0.10(A/B) 0.10(B) 0.08(B/C) 0.06(B) 
800 0.110(B) 0.105(B) 0.07(B/C) 0.08(B) 
1000 0.115(B) 0.105(B) 0.08(B/C) 0.10(B) 
1200 0.115(B) 0.115(B) 0.08(A) 0.09(B/C) 
1400 0.120(B) 0.125(B) 0.07(B) 0.10(B/C) 
1600 0.120(B) 0.135(B) 0.09(B) 0.12(B/C) 
1800 0.120(B) 0.145(B) 0.10(B/C) 0.10(B) 
2000 0.125(B) 0.16(B) 0.09(B) 0.07(B) 
ZzOV V.. L ) V. J. OgtDJ V. 1V\DJ %L3/ %. j 
2400 0.125(B) 0.165(B) 0.08(B) 0.11(B/C) 
2600 0.13(B) 0.17(B) 0.06(B) 0.14(B/C) 
2800 0.13(B) 0.18(B) 0.10(B) 0.18(B/C) 
3000 0.13(B) 0.18(B) 0.14(A) 0.19(B/C) 
3200 0.135(B) 0.185(B) 0.13(B) 0.11(B/C) 
3400 0.135(B) 0.19(B) 0.23(B/C) 0.13(B/C) 
3600 0.14(B) 0.19(B) 0.14(B) 0.19(B/C) 
3800 0.145(B) 0.195(B) 0.19(B/C) 0.22(B/C) 
4000 0.145(B) 0.20(B) 0.18(B) 0.11(B/C) 
4200 0.15(B) 0.205(B) 0.12(B/C) 0.19(B/C) 
4400 0.155(B) 0.205(B) 0.19(B) 
10.18(B/C) 
Table A5.6 Increase in maximum flank wear land length and variation 
of maximum b. u. e. height with cut distance. Tic coated 
(CHy/TiC1I+ mole ratio = 3.79) inserts, cutting speed 
45 m min . 
Cut 
distance 
m 
Maximum flank wear 
land length & position 
mm 
Test 1 Test 2 
Maximum b. u. e. height 
& position 
mm 
Test 1 Test 2 
100 0.04(B) 0.09(B) 0.08(B) 0.08(B) 
200 0.05(B) 0.095(B) 0.06(A/B) 0.09(B) 
300 0.065(B) 0.105(B) 0.06(B/C) 0.09(B) 
400 0.07(B) 0.11(B) 0.07(B/C) 0.09(B) 
500 0.075(B) 0.12(B/C) 0.08(B) 0.07(B) 
600 0.075 (B) 0.13(B/C) 0.10(B) 0.06(B) 
700 0.08(B)- . 0.145(B/C) 0.13(B) 0.10(B 
800 0.085(B)- --0.15(3 0.16 B 0.12(3/C) 
900 0; 09(B)--' "'0.165(B) 0.14(B) 0.11 BC 
1000 0.09(B)- 0.17(B)"" 0.18(B 0.1i(B) 
1100 "'0.10(8)" ° 0.18(8) - 0.20(B) 0.17(8) 
1200 0.115(B) 0.195(B) 0.13(B/C) 0.18(B) 
1300 0. '125(8) 0.200(B) None None 
k 
Table A5.7 Increase in maximum flank wear land length and variation 
of maximum b. u. e. height with cut distance. TiC coated 
(CH4/TiC14 mole ratio = 3.79) inserts, cutting speed 
52.5 m min-1. 
Cut 
distance 
Maximum flank wear 
land length & position 
mm 
Maximum b. u. e. height 
& position 
mm 
m 
Test 1 Test 2 Test 1 Test 2 
20 0.04(B) 0.03(B) 0.12(B/C) 0.10(C) 
40 0.05(B) 0.04(B) 0.09(B/C) 0.09(B) 
60 0.06(B) 0.055(B) 0.08(B) 0.08(8/C) 
80 0.07(B) 0.065(B) 0.10(B) 0.12(ß/C) 
100 0.07(ß/C) 0.07(B) 0.11(8) 0.09(8/C) 
120 0.075(B) 0.08(B) 0.11(B/C) 0.10(C) 
140 0.08(B/C) 0.085(B) 0.08(B) 0.10(B) 
160 0.09(B) 0.085(B) 0.07(B) 0.11(B) 
180 0.09(B) 0.09(B) 0.11(A/B) 0.06(B) 
200 0.095(8) 0.09(8) 0.06(B) 0.07(8 C 
220 0.10(B) 0.100(B) 0.09(B) 0.08(8/C) 
240 0.105(B) 0.110(B) None 0.09 (B /C 
260 - 0.115(B) - 0.1O(ß C 
280 - - 
:: 
0.12(B) 
1 
J 
0.11(B/Cj 
Table A5.8 Increase in maximum flank wear land length and variation 
of maximum b. u. e. height with cut distance. TIC coated 
(CH4, /TiClq mole ratio = 3.79) inserts, cutting speed 
60 m min- l. 
Cut 
distance 
Maximum flank wear 
land length & position 
mm 
Maximum b. u. e. height 
& position 
mm 
m Test 1 Test 2 Test 1 Test 2 
10 0.04(8) 0.05(A/B) 0.08(A) 0.10(B/C) 
20 0.05(B) 0.07(B) 0.09(B/C) 0.08(B) 
30 0.06(B) 0.095(B) 0.09(B/C) 0.06(B) 
40 0.08(B) 0.11(B) 0.07(B) 0.07(B) 
50 0.105(B) 0.12(B/C) 0.09(B/C) 0.08(B/C) 
APPENDIX 6 
RESOLUTION OF TOOL FORCES AND CALCULATION OF 
APPARENT COEFFICIENT OF FRICTION 
ýtý 
A6.0 RESOLUTION OF TOOL FORCES AND CALCULATION OF APPARENT 
COEFFICIENT OF FRICTION 
A6.1 Resolution of Tool Forces 
As defined in Appendix 4.0 
FV= Vertical tool force 
Fa = Axial tool force 
Fr = Radial tool force 
Relative to the dynamometer 
However, as shown in Figure 7.4, the indexable inserts actually cut 
with a 15° approach angle. To take this into account, the tool forces 
as previously defined (i. e. relative to the dynamometer) must now be 
resolved relative to the insert. Therefore, with reference to 
Figure A6.1 below, 
Insert cut 
edge 
Feed 
Figure A6.1 
let: 
Pv = Vertical force relative to insert (= Fv, vertical 
force relative to dynamometer) 
Pa = Axial force relative to insert, i. e. in a direction 
normal to its cutting edge 
Pr = Radial force relative to insert, i. e. in a direction 
parallel to its cutting edge 
From Figure A6.1 
Pv = Fv (A6.1) 
Pa = Fa . cos 15° + Fr , sin 
15° (A6.2) 
Pr = Fr , cos 15° - Fa . sin 15° (A6.3) 
A6.2 Calculation of Apparent Coefficient of Friction 
If the radial tool force relative to the insert (Pr) is small 
enough to be assumed to be negligible, then, with reference to equation 
(6.1) (see Chapter 6.0), the apparent coefficient of friction on the 
rake face of an insert, ua (i. e. the apparent coefficient of chip/tool 
friction) can be determined using the equation: 
Pv sin a+Pacos a 
Pa = (A6.4) 
Pvcosa - Pa sin CL 
where 
Pv = Vertical toolforce relative to insert 
Pa = Axial tool force relative to insert 
01 = Rake angle 
